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Probabilistic Finite Element Methods

Probabilistic finite element methods (PFEM), synthesizing the power
of finite element methods with second-moment techniques, are formulated
for various classes of problems in structural and solid mechanics.
Time-invariant random materials, geometric properties and loads are
incorporated in terms of their fundamental statistics viz. second-
moments. Analogous to the discretization of thé displacement field in
finite element methods, the random fields are also discretized.
Preserving the conceptual simplicity, the response moments are
calculated with minimal computations. By incorporating certain
computational techniques, these methods are shown to be capable of
handling large systems with many sources of uncertainties.

By construction, these methods are applicable when the scale of

randomness is not very large and when the probabilistic density

- functions have decaying tails. The accuracy and efficiency of these

methods, along with their limitations, are demonstrated by various

applications. Results obtained are compared with those of Monte Carlo
simulation and it is shown that good accuracy can be obtained for both
linear and nonlinear problems. The methods are amenable to implementa-

tion in deterministic FEM based computer codes.
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CHAPTER 1
INTRODUCTION

Traditionally, engineering analysis has been based on deterministic
models with well-defined parameters. However, it is increasingly being
recognized that uncertainties are often associated with parameters such
as material and geometric properties, forces and boundary conditions and
that these should be adequately modeled. An example is the degradation
of material properties with time as a result of fatigue, wear and long-
term creep; such changes in material properties can be treated as
uncertainties. In general, the random uncertainties which are included
in a stochastic process can be classified into three major categories:
(1) physical uncertainty, (2) statistical uncertainty and (3)
uncertainty in the model. A dgtailed discussion of these topics can be
found in, for example, Refs., [1-4]. Theoretically, these uncertainties
can be modeled as random variables or random fields governed by joint
probability density or distribution functions. In practice, the exact
joint probability density functions are not always available; it is more
likely that only the first few moments such as the mean and covariance
are known.

Uncertainty analysis in structural mechanics has concentrated on
problems of an almost totally stochastic nature. Within this setting,
even a single degree of freedom system with nonlinearities poses a
formidable challenge and has not been solved satisfactorily. The most
commonly employed solution technique is Monte Carlo simulation (see e.g.

{3]). 1In general, these simulation procedures are computationally



expensive, even though they are easily applicable to both linear and
nonlinear systems. For linear systems, nonstatistical methods such as
"gsecond-moment analysis”, are available [2]. A related second order
perturbation technique applied to a special class of linear structural
vibrations is discussed in [5]. The emphasis is on the modal decoupling
of the equations of motion with uncertain damping. The "second-moment
analysis” has also been extended in [6] to define the mean and variance
of vector functions. This formulation is mathematically elegant and
Kronecker algebra and matrix calculus are employed. While this
formulation has also been extended in [7] to linear stochastic systems
with colored multiplicative noise, the direct application of this
technique to noniinear structural dynamics is not feasible, because in
most nonlinear structural analysis, concern lies more with deviations in
loads from a deterministic path and in uncertainties in material
properties to which a value can be assigned rather than completely
stochastic loads or systems.

The research reported here can be subdivided into two parts: (1)
development of a variational principle to embed the probabilistic
character of the constitutive properties and loads (which are part of
the boundary conditions and body forces) and to obtain the corresponding
probabilistic character of the nodal forces; (2) the determination of
the probabilistic distribution of the response (displacement and stress)
from the probabilistic description of the nodal forces.

The main thrust of this research has been to integrate second-

moment based techniques with finite element methods in a method called



probabilistic finite elements (PFEM); finite elements are currently the
most versatile tools of analysis in large-scale structural and solid
mechanics. Through this synthesis, we have developed versatile and
efficient techniques for probabilistic analysis. The investigation is
restricted to time invariant uncertainties which may be present as
discrete random variables or random fields in ;aterial, geometric
properties and/or forces. These methods are applicable when the
uncertainties are not very large and when the probabilistic density
functions or histograms have decaying tails. The most appealing
features about PFEM are its coqceptual simplicity, ease of computer
implementation and the flexibility to accommodate efficient numerical
techniques at every stage of the methodology.

PFEM has been formulated for various classes of problems in
structural and solid mechanics. In the next chapter, methods are
developed for nonlinear structural dynamics with discrete random
variables. In Chapter 3, random fields are modeled, essentially by
discretization. The encumberances of correlated random variables are
avoided by an eigenvalue transformation to the space of uncorrelated
random variables. In Chapter 4, these methods are derived from
variational principles. The linear formulation is obtained from the
potential energy variational principle and the nonlinear counterpart is
derived from the principle of virtual work with appropriate stress and
strain measures to account for the large deformation. In Chapter 5,
numerical applications in elastoplastic mechanics are studied in detail,
along with improved computational techniques. The summary and

conclusions are presented in Chapter 6.



CHAPTER 2
PROBABILISTIC FINITE ELEMENTS FOR NONLINEAR STRUCTURAL DYNAMICS

2.1 Introduction

It is important to be able to treat the effects of uncertainties in
a reasonably economical manner; standard Monte Carlo procedures are
simply too expensive. Furthermore, the methods should be designed so
that they ean be incorporated into widely used finite element programs
in a natural and concise manner. Thus, the approach should be
integrable with the elemental discret;zation and nodal assembly
procedures that characterize finite element theory and software
implementation.

In the next section, the formulation of the probabilistic finite
element method (PFEM) is presented. The method is applicable in
structural dynamics with discrete random variables with or without
correlation. In Section 2.3, the computational aspects of PFEM are
discussed. In Sectiom 2.4, the analysis of a two degree of freedom
spring-mass probabilistic system is then given. Results are also
presented for a ten—bar probabilistic system with nonlinearities. The
proposed PFEM method is compared to (1) Monte Carlo simulations (MCS)
and (2) Hermite-Gauss Quadrature (HGQ) schemes. All these methods are
schematically depicted in Fig. 1, highlighting the major computational
steps. In Section 2.5, the relative performance of the PFEM as compared
to the other two methods is discussed. The reason for the limitation of

each solution technique is also presented.



2.2 Formulation of the Probabilistic Finite Element Method (PFEM)

We consider the structural system to be governed by the following
system of nonlinear algebraic equations which arises from a finite

element discretization:
Md+ £, d, O = K(t) (2.2.1)

where E, £, S and E are the generalized mass, internal force,
displacement and external force respectively; and a superscript dot
represents material tiﬁé (t) derivative. While the internal and
external nodal forces are obtained from one variational statement, they
are segregated for convenience. The probabilistic effects are described
through the q~dimensional random vector 2;.this can ianclude the
probabilistic distributions of the material properties; the mass § is
agssumed to be deterministic. All these probabilistic distributions, as
reflected in the variance of the material properties, the composite load
spectra, etc. are represented by the generalized variance vector,
Var(b). We shall denote the expected value operator by E[ ] and use

second order expansions so E[ ] is given by

X
- 1
E[Q(B)] = $ +EWCov(bi, b_]) (2.2.2)

3
where ¢ is a vector function of the random variables. The superposed
bar denotes "at the mean value of b" and the symbol Cov represents the

covariance; summations on i and j from 1 to q are assumed., If bi is



uncorrelated to bj for 1 # j, then

Cov(bi, b,) =0 for 1 # j

J

and

Cov(bi, bi) = Var(bi) no sum on i

Applying the expected value operator to Eq. (2.2.1) yields

] = E[F(©)]

~

E[M d] + E{£(b, 4,

Employing Eq. (2.2.2) and the chain rules:

2—-
. 9 a
- 1 2
E[Md] =Ma MR YT Cov(d, , bj)
ij
E[f] = £
1 2’
+ 32 3535 Cov(bi, bj)
i77]
3C av 9K ad
+ { —— e —— — } Cov(b,, b.)
ab, ab, " 3b; b, 1* %
I L &
+ 5 {C + K } Cov(b,,
2\~ abiabj Bbiabj i

(2.2.3a)

(2.2.3b)

(202.4)

(2.2.5a)

(2.2.5b)



and
E[E(t)] = F(t) (2.2.5¢)

where d and 3 have been replaced by v and a respectively. The E and K

matrices are the damping and stiffness matrices, respectively. They are

= ) (2.2.6a)

o)
"
|

and

K =23 | (2.2.6b)
In the case of a linear structure, f is given by

f=Cv+Kd (2.2.6¢)

For simplicity, let us assume that Eqs. (2.2.3) holds. This
assumption is quite suitable for finite element models which are built
up from discrete structural elements, such as bars and beams. Using
this simplification and applying perturbation techniques on Egs.

(2.2.5), Eq. (2.2.4) can be shown to yleld

M3+ = F(t) (2.2.7a)



8
and
Maa + Cav + Kad = oF (2.2.7b)
where
_ g aC 3y K ad
AF = - 7 {( + ) Var(b,)
~ b, 9b b, 3ab
=1 90y 3b; - 3by 3D, ] |
2— (2.2088)
1 °f
+-2- — Var(bj)}
ab
]
-, 93
pa =5 1 —5 Var(bj) (2.2.8b)
j=1 3b;
J
.
Ax - E .2 _-2' Var(bj) (2.2.8(:)
j=1 3b
]
and
I,
sd=3 1 — var(b,) (2.2.8d)
j=1 3b
J
Once AE, AE and AE are obtained by solving Eq. (2.2.7b), the secoand-
order means are
E[d] = E[a] = 3 + a2 (2.2.9a)



‘9
E[d] = E[y] =V + av (2.2.9b)
and
E[d] =d +ad (2.2.9¢)
If one is interested in the deviations in response from a
deterministic path due to the uncertainties in material properties to
which a value can be assigned, the number of time integrations
(simulations) reduces to only two. These two simulations are
53"'?‘2 (2.2.103)
and
Maa +CAv +Kad = AF (2.2.10b)
where
2
Aa = an Ab (2.2010(:)
~ b.
3=1 % 3
q 3y
Av = Z = Ab, (2.2.10d)
~ b
321 2%



2T 10
q
q 3:f,'
aF = -1 (33~ ) ab (2.2.10f£)
j=1 j |4, v = constant 3

and Abj is equal to the preassigned value of bj' It 1is also necessary
to obtain the sensitivity vectors, i.e. 3( )/abi; see Section 3.
Finally, once the means and the sensitivity vectors are determined,

the variance vectors can be computed easily by the following first order

formulas
g da aE)
var(a) = ——)(=) Cov(b,, b,) (2.2.11a)
T e (abi)(abj 1* °j
q v av
Var(v) = —])(=—) Cov(b,, b.) (2.2.11b)
~ i)ijal (abi)(abj) 1’ °j
q od
Var(d) = Cov(b,, b,) (2.2.11¢)
v-1 G ( 3o,)35) Covley by

In the case of uncorrelated b's, the covariance matrix becomes a

diagonal matrix and the diagonal terms are denoted by

q
Var(a) = § ( ) Var(b ) (2.2.12a)
j=1
q 3V
Var(v) = § ( ) Var(bj) (2.2.12b)
j=1
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q
Var(d) = } (SEFﬂ Var(b,) (2.2.12¢)
B e ’

Similar procedures can also be developed for the probabilistic
distributions of stresses. However, this direct approach can be very
expensive 1if the number of random variables is greater than the number
of requested probabilistic distributions of stresses. For this

situation, an alternative approach, termed an adjoint probabilistic

stress analysis, is developed. This is described in [12].

Remark 1 The uncertainties discussed here are described by discrete

random variables. Physical parameters, such as material properties, are
often continuous functions in space. When there are uncertainties

associated with these parameters, we have random fields. The

probabilistic distributions at any two points can be represented by a
"correlation function.” One way to adapt the above procedures to
“"random fields" is to first do a finite element discretization of the
correlation function and thus obtain the covariance matrix. Once this
matrix is obtained the PFEM method as developed here could be used with

minor modifications.

Remark 2 To the author's knowledge, Eqs. (2.2.7) through (2.2.12)

represent the first consistently derived second moment probabilistic

finite element method (PFEM) which can readily be adapted to existing

deterministic finite element computer programs. The second order
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terms ZE} Kz and KE are computed directly from the second moment mean
Eq. (2.2.7b). Consequently Eqs. (2.2.9) are second order accurate and

Eqs. (2.2.11) are first order accurate.

Remark 3 The complete probability distributions are not available for

most random variables except perhaps the first two moments. Methods
such as MCS or HGQ usually require knowledge of probability density
functions. The PFEM method requires only the first two moments and is

therefore widely applicable.
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2.3 Computational Aspects of PFEM

The computing procedures essentially involve time integrations of
the various equations derived in the previous section. In general, the
sensitivity vectors can be obtained directly by integrating the
sensitivity equations in time. However, this is noc'possible for some
nonlinear systems. In such cases, the usual procedure is to calculate
the derivatives by finite differences [l]. Calculating the finite
difference derivatives increases the computation for a probabilistic
system. However, results obtained are excellent when compared to the
solutions obtained by other methods. The computing procedures for

linear and nonlinear systems are described separately below.

Linear Systems

For a linear system, Eqs. (2.2.7) become

Ma+Cv+Kd=Fr) (2.3.1a)
Maa + CAv + Kad = AF (2.3.1b)

The solutions of Eq. (2.2.7a) and (2.2.7b) are obtained in sequence so
that the additional computation due to the latter is minimized. The
solution algorithms, such as implicit and/or explicit time integration,
used in Eq. (2.3.1a) can be applied directly to Eq. (2.3.1b) with the

formulation of only one additional vector function AF.
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If we examine Eq. (2.2.8a) closely, it can be shown that AF can be
v ad
computed element-wise once v, d, sg— and 3%—-are given. In addition,
~ % i

the corresponding variation of the elemental nodal forces can then be
assembled into a description of the probabilistic distribution of the
elemental nodal forces for the complete finite element model.

It can be easily shown that the governing equations for the

sensitivity vectors are obtained by differentiating Eq. (2.2.1) with

respect to bj' They are
3a _av _oad oF
M—+C——+ K —— = — (2.3.2a)
~ 3ab ~ ab ~ 3b, b
] 3 3 aj
where
2F  of
—_— - — (2.3.2b)
abj abj d,v = constant
or
aF 3C _ K _
-~ - - i - d (203.2C)
b ab, ~ _ 3b, ~
3P 3 3

From Eqs. (2.3.1la=b) and (2.3.2a); it can be seen that the whole
procedure uses the same effective stiffness matrix so only one matrix
needs to be triangulated.

To evaluate the mean and variance from Eqs. (2.2.9) and (2.2.12),
the total number of time integrations required is q + 2. These are:

one integration to evaluate the displacement, velocity and acceleration
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at the mean value of B (Eq. 2.3.10a); 'q' integrations to evaluate the
sensitivity vectors (Eq. 3.2a); and one more integration to evaluate the
second order variations (Eq. 2.3.1b). The computational steps involved
in PFEM are shown in Fig. 2. Notice that all time integrations employ

the same effective stiffness matrix; parallel computation procedures

could be employed, thereby increasing the efficiency tremendously.

Systems with Material and Geometrical Nonlinearities

As in the linear case, the displacement, velocity and acceleration,
at the mean value of b is obtained by integrating Eq. (2.2.7a). The
relative merits between implicit and explicit time integrations are
considered here for a probabilistic nonlinear system.

By total differentiation of Eq. (2.2.10a) with respect to B., i.e.

d/db,, we have:

da if
EE*.E-Q (2'3-33)
and
s o

Equations (2.2.7a) and (2.3.3a) can be written as

Ma +f = F(
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and
da ad of
M abj + K abj = - abj (E’ 5n+1) (2.3.4b)

where §£+ and K are the internal force vector and the “tangent

1

stiffness matrix”™, respectively, evaluated at B, 2n+1 and tn+1'
Equations (2.3.4a) and (2.3.4b) can be solved by the implicit Newmark-g
algorithm [10]. The "mean value” equation (2.3.4a) can be solved by

Newton-Raphson iteration

Z* vl v
X 83,41 ™ Lol (2.3.5a)

where the residual vector 1is given by

- - - - - — v

£n+l [£n+1 £n+1 E 3n+1] (2-3.5b)
and the effective gtiffness matrix is

—%

K = {4+8ac’ QY (2.3.5¢)

The symbol v represents the equilibrium iteration counter at time step

n+l and iterations are repeated until Aav-'.1 approaches zero.

~n+l

Similarly, the first order sensitivity equation (2.3.4b) can be

written as
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ad of ad
=* “~n+l 2 “~un+l ~n+1
X 53 8at 3 +M 30 (2.3.6a)
J J k|
where
ad ad v a
~n+1 ~n ~n 1 _ 2 "~n

o
It is observed here that the effective stiffness matrix E is identical

—*
in both Eq. (2.3.5a) and Eq. (2.3.6a). Since the triangulated K is

a§;+1

b
ab,

forward reductions and back substitutions; therefore, the number of time

Ziven during the iteration procedures, can be obtained simply by
integrations 1is still q + 2.

The main advantage of employing implicit time integration is its
unconditional stability. Therefore, the above methods are best suited
for structural dynamics problems dominated by low frequency response.
For impﬁlsive and short duration transient problems, Eq. (2.2.7a),
(2.3.3&) and (2.3.3b) can alternatively be solved by explicit
integrations. Since S(B, S) is nonlinear, the sensitivity vectors can
be obtained by central-differences. Equations (2.3.3a) and (2.3.3b) are

approximated by

+ -

-2 g
M) (55— =0 (2.3.7a)
3 b
and
AT I 2
M (—— )+ ( ——) = 0 (2.3.7b)
Abj AbJ
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where
+ —

a =a(b+aby) (2.3.7¢)

2 = a -apy) (2.3.7d)
and

EAEE (RTINS (2.3.7e)

£ =£&-aby, &) (2.3.7£)
g+ and g* are similarly defined and ABj is defined by

T
ABJ = (0, 0, «os, Abj, 0, ves, 0) (2.3.7g)

where T denotes the transpose. With this computational procedure, the
total number of time integrations would still be q + 2. However, the
number of internal force calculations would be 2q + 1. These are: one
integration for the mean Eq. (2.2.7a) and 2q integrations with finite
differencing for Eq. (2.3.7a) and Eq. (2.3.7b). Apart from purely
implicit or purely explicit algorithms, mixed time implicit-explicit
algorithms [4] could also be employed so that the attributes of each of

the algorithms can be achieved.
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2.4 Numerical Examples

Example 1: A Two-Degree-of-Freedom Spring-Mass System.

The performance of PFEM, the new method developed here, is
evaluated via a two-degree—of-freedom spring-mass system. The mean is
second order accurate and the variance is first order accurate in this
example. The computed results are compared with those obtained
employing (1) Moante Carlo Simulation (MCS) and (2) Hermite-Gauss
Quadrature (HGQ) schemes. The two latter methods as implemented here
are reviewed in Appendix A.

The problem statement s depicted in Fig. 3. A sinusoidal vector

forcing function is used:

0.0

F(t) = (2.4.1)

25.0 x 10% sin 2000t

The random spring constants Kl and K2 are normally distributed with a
coefficient of variation (i.e. g/u) equal to 0.05. The mean spring
constants are 24 x 109 and 12 x 106 respectively. The deterministic
masses m, and m, are 0.372 and 0.248 respectively. A stiffness-
proportional damping of 3% is included. The probabilistic equations
derived earlier are solved by the implicit Newmark-~g8 method [3]. The

mean amplitude d. is depicted in Fig. 4, for all the three numerical

1
methods -- PFEM, HGQ and MCS. The PFEM solution compares very well with

the other two methods. For the variance of d1 the PFEM solution plotted
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in Fig. 5, seems to overshoot the varlance at large times. The mean and
variance of d2 are similarly compared and depicted in Figs. 6 and 7.

The maximum coefficient of variation of the displacements dl and d2 are
found to 0.13 and 0.10 respectively. The %3¢ bounds for the
displacements d1 and d2 are plotted in Figs. 8 and 9 respectively.

Example 2: A Ten—-Bar Probabilistic System with Material and Geometrical

Nonlinearities.

The problem statement is depicted in Fig. 10. The load time
function, which 1s also shown in Fig. 10, is applied at node 3. This
particular load-time history is chosen such that only four of the ten
bars, elements 1, 3, 7 and 8, will yield. Therefore the probabilistic
model can be simplified by choosing the yield stresses of these four
elements as the normal random variables which have the major impact on
the response. The coefficient of variation is 0.05. Since the other
six elements do not come close to yield, they are considered
deterministic variables. With this approach, instead of 59049 analyses,
only 81 analyses are required for the Hermite Gauss Quadrature method.
The justification for this drastic simplification is explained in detail
in Appendix A.

For the PFEM method, the finite difference derivatives are
evaluated with an interval Abj equal to 0.05 ;3 and the equations are
solved by explicit time integration. The mean is second-order accurate
whereas the variance is first-order accurate. The Monte Carlo

Simulation results are obtained with 400 simulations.

The probabilistic displacement and stress solutions at selected
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locations are given in Figs. 11 through 14. The maximum coefficient of
variation of the displacement of node 1 is found to be 0.13 and that of
the stress in element 1 is 0.ll. For this example, the three methods
(PFEM, HGQ and MCS) have been employed and they all compare quite well.

The bounds of the displacement and stress can be estimated based on

the Chebyschev inequality

P(l > JET I > ng) < lf , n>0 (2.4.2)
n

where y = E(x) and 02 = Var(x). The x3¢ bounds (i.e., n = 3) for the
displacement and stress are plotted in Figs. 15 and 16, and the
solutions can be expected to be within these bounds with 89% confidence

level.
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2.5 Comparisons Among the Three Methods and Conclusions

Based on these numerical studies, we have drawn the following

tentative conclusions:

1) Although all three methods agree very well and are evidently

comparable in accuracy, PFEM is the most efficient solution procedure

for small to medium size problems. The relative computational

efficiency of the three methods is summarized in Figure 17.

Relative Computational Efficiency of Three Probabilistic Methods,

PFEM HGQ MCS
2 bar 1 8 400
Structure
10 bar 1 4 60
Structure
Figure 17

The number of time

integrations required for a general structure

with q random variables can be summarized as follows:

1)

ii)

iii)

iv)

PFEM with partial derivatives evaluated directly: q + 2

PFEM with partial derivatives evaluated by finite difference: 2q

+1

HGQ with three-point quadrature : 3

MCS with simple Monte Carlo Simulation of sample size N : N
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2) Although PFEM is expected to be most accurate when the variances are
small, it performs quite well even when the response shows a large
coefficient of variation (e.g., 0.13 for the displacement at Node l in
the ten-bar structure). This could be attributed partly to the nature
of the probabilistic distribution. For most distributions, values of
response far—- away from the mean are less likely to be found than those
near the mean. Hence second moment analysis about the mean turns out to

be quite accurate.

3) The three methods are applicable to linear and nonlinear systems.
In linear systems the partial derivatives can be obtained directly. 1Ia
nonlinear system the brute force method is to obtain these derivatives
by finite differences. We are currently investigating ways to compute
these derivatives efficiently. However, the methods are problem

depeundent.

4) A minor drawback of PFEM is that its accuracy deteriorates for large
times even with structural damping. An explanation is given in Appendix

B. We are currently investigating several ways of improving this.

5) PFEM can be easily incorporated into widely used finite element

programs.

6) A PFEM analysis can be obtained with q + 2 simulations if Cov(by,

bj) # 0 for 1 #+ j. For this purpose the bi must be transformed into
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another set of random variables c, through an eigenproblem such

J

that Cov(ci, cj) = (0 for 1+ j and in most cases only a few modes are

sufficient {[13].

7) Currently the PFEM is being extended to the transient analysis of

nonlinear continua. The details of the method can be found in [5].

Since this method involves only matrix and vector assembly it can
be incorporated in a natural and concise manner in general purpose

finite element programs.
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CHAPTER 3
RANDOM FIELD FINITE ELEMENTS

3.1 Introduction

At the present time, probabilistic methods in mechanics, for
problems involving time—independent uncertainties, can be broadly
classified into two major categories: (1) methods using a statistical
approach and (2) methods using a non-statistical approach. The
literature in these areas is quite considerable and so only a few sample
references are indicated below.,

Simulation, involving sampling and estimation, is the most
prevalent statistical approach. Direct Monte Carlo simulation,
stratified sampling and Latin Hypercube sampling are some of the
frequently employed simulation techniques.. A comparative discussion of
these techniques can be found in, for example, Refs. [1,2,3,6]. These
techniques, however, have their limitations. Transformations of the
distributions are necessary before simulation can be done [4,5,8,9].
This implies, of course, that the multivariate distribution function
needs to be known for simulation. The topic of transformation
techniques is still an area of current research. Furthermore, since the
accuracy of sampling techniques depends on the sample size, in
accordance with the "Weak Law of Large Numbers"” [4,11], simulations can
become prohibitively expensive; hence the interest in non-statistical
methods.

Non-statistical approaches include numerical integration

[10,15,16], second-moment analysis [4,5,7,9,14-17], and stochastic

41
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finite element methods [11-13,15,16]. Particularly, second-moment
techniques have proven to be accurate and efficient in structural
mechanics. A major advantage of these techniques is that the
multivariate distribution function need not be known but only the first
two moments. An inherent limitation of second moment analysis is that
the uncertainties cannot be too large, i.e., variances of the random
variables cannot be large when compared with their mean values.
Typically, the maximum coefficient of variation is around 10% although
it has been shown that it could be as high as 207 for acceptable results
to be obtained [5,14].

Linear problems in structural mechanics with uncertain parameters
have been solved by second-moment analysis [11-13]; However, similar
solution techniques for nonlinear problems in structural dynamics are,
to the authors' knowledge, nonexistent. Recently, the authors have
dgveloped probabilistic finite element methéds for nonlinear structural
dynamics [15,16]. The methods are applicable to correlated and
uncorrelated discrete random variables, though they are limited to
discrete structures such as spring-mass systems and nonlinear truss
structures.

The herein proposed method is applicable to nonlinear structural

dynamics problems with random fields —— both homogeneous and

inhomogeneous. In the next section, the formulation of the
probabilistic finite element methods for linear continua is outlined.
In Section 3.3, the procedures for the transformation of the full

covariance matrix to a diagonal matrix are discussed. In Section 3.4,
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the computational procedurés using the transformed random variables are
given. The PFEM, as applied to continua with material and geometrical
nonlinearities, 1s formulated in Section 3.5. Applications to a one-
dimensional elastic/plastic wave propagation problem and a two-
dimensional plane-stress beam bending problem are described in Section

3.6. The results and conclusions are presented in Section 3.7.
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3.2 Probabilistic Finite Element Methods (PFEM) for Linear Continua
The linear finite element equations are:
Kd=F (3.2-1)
where the stiffness matrix is
T
g-jngnndn (3.2.2)

The transpose 1s designated by a superscript "T”; the generalized
gradient matrix, material response matrix, nodal displacement vector and
nodal force vector are denoted by 2(5), E(E’b)’ g(b) and g(b),
respectively; X are the spatial coordinates; Q is the domain and b(§) is
a random functiou. 1In this formulation, b(z) can be a random material
property or a random load.

The basic idea of the “"Second Moment Analysis” in PFEM is to
expand, via Taylor Series, the 3, 2 and E matrices about the mean value
of b and to retain only up to second order terms. Equations will then
be obtained for the mean values of the nodal displacements and the
covariances of the nodal displacements in terms of the derivatives of
the nodal displacements with respect to the random variables.

Similarly, the mean and covariance of the element stresses and strains
are obtained.

The random function b(z) is approximated using shape functions

Ni(§) by
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b(x) = I N (x)b, (3.2.3a)

i=}
where b1 are the nodal values of b(g), that is the values of b at }f—i’
1 =1, ¢ee, qo
To derive the PFEM matrix equations, the following notation will be
used. For a given function g(b) and a small parameter g:
—b.(s) = E[b(g)] mean value of b, i.e. the

expectation E[ ] of b(::.')

db, = eAb, = e(b1 - -5-1) first order variation of b,
about fl

dbldb2 = ezAblAb2 second order variation of b; and
b, about _51 and '52, respectively

-g_(f) = g(f,-b-(z)) » value of g evaluated at b

Ebl = %%T partial derivative of g with
respect to b, evaluated at )

Eblbz = -a—b-al—:gb; mixed partial derivatives of g

with respect to bl and b,
evaluated at b
The random function is defined by its expectation F()'s), coefficient
of variation ¢ and autocorrelation R(b(xi),b(xj)). The mean and

variance are approximated by the same shape functions as b, so

, q
E[b(x)] = = N (x)E[b,] (3.2.3b)
i=1
q
Var(b(x)) = ¢ Ni(x)N.(x) Cov(bi,b.) (3.2.3c)
~ 1,j=1 -~ 17 J
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The matrices D, d and F are expanded about b via Taylor series:
-9 _ P -
D=D+ 1£1 gbidbi + E.i,ﬁ-l Ebibj dbidbj 3.(2.4)
- 9 _ -
d=d+ iil dbidbi + E.i,ﬁal gbibj dbidbj (3.2.5)
- 1 ) D T
F=F+ 121 Ebidbi +-§-i’§-l Ebibj dbidbj (3.2.6)

Substituting Eqs. (3.2.4) through (3.2.6) into Eq. (3.2.1) and equating
equal order terms, the zeroth, first and second order equations

corresponding to Eq. (3.2.1) are:

Zeroth Order

Kd=F (3.2.7)
where

¥ =/ BD B da (3.2.8)

~ Q ~n~ ~
First Order (e terms)

ggbi -F, 121, eer, q (3.2.9)
where



- T —_
F,=F ~-[BD Bdda
~11 bi a ~ ~bi~ ~
2
Second Order (¢” terms)
kd,=FE
where
7. -1 5 3 b, Ab
=< I Ab, A
~2 72 ) Syb P80
and
F- 1 A7 . -l 57 dq)
~2 2 ~b,b 2L ~ ~b,b.~ ~
i,j=1 i7j Q 173
- [ 8D, B3 da]}ab,ab
Q i 3
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(3.2.10)

(3.2.11)

(3.2.12)

(3.2.13)

once d, d_ and Eé are obtained by solving Eqs. (3.2.7), (3.2.9) and

(3.2.11), respectively, the mean and autocovariance matrices for the

nodal displacement are given by

Eld] = [ d(b) £(b) db

-
and

+oo :
cov(at,ad) = [ (af- Tl Prepap

-

(3.2.14)

(3.2.15)
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respectively, where £ is the joint probability density function, di is

the ith degree of freedom of d, and b is the random~variable vector
T
b= (bl, b2’ vy bq) (3.2.16)

The second order estimate of the mean value of d is obtained by
employing Eq. (3.2.5) in Eq. (3.2.14) to give
R S
Ed] =d+<{ ¢ d Cov(bi,bj)} (3.2.17)

2 1,§=1 ~bibj

The covariance, COV(bi,bj) is obtained from the given expectation
E[b(x)], coefficient of variation a and autocorrelatiomn R(b(xi),b(xj))
as follows

1/2

Cov(bi,b ) = [Var(b(xi))Vat(b(xj))] R(b(xi),b(x » (3.2.18)

b J

where
2 2
Var(b(xi)) = q E[b(xi)] (3.2.19)

Similarly, the first order accurate Cov(di,dj), which is consistent with
a second moment analysis, can be shown to be
X q .
Cov(di,dJ) = T Et a Cov(br,bs) (3.2.20)

r,s=] r bs
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The strain and stress vectors for a typical element "e" are
e
€ = 2(5) d (3.2.21)
and
g = B(f’b) € (3.2.22)

where se is the element nodal displacement vector. Since B is a
deterministic function of X, the mean value and autocovariance of ¢ can
be similarly defined according to Eqs. (3.2.14) and (3.2.15),

respectively. They are

Ele] =BT +1{ 1 BT covv ,b,)} (3.2.23)
and
q
Covie ,e.) = { z (853 )(BfaE )Tcov(n,,b,) (3.2.24)

Employing Eq. (3.2.4) and the element counterpart of Eq. (3.2.5),

the mean value and autocovariance of g can be shown to be
~

Elg] = D E[e]

a -
+{ ¢ (B, B3 +7D, 8 Tlcovidy,b)} (3.2.25)
1,4=1 ~P1~ ~P5 1%
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3.3 Transformation of the Full Covariance Matrix to a Diagonal Variance
Matrix

It can be observed from Eqs. (3.2.7) through (3.2.13) that the
determination of d, d, and d
forward-reductions and back-substitutions. The latter operations

involve one factorization of g and q + 2

consist of one solutiom to evaluate El: (Eq. (3.2.7)); q solutions to

— p—
evaluate sb (Eq. (3.2.9)) and one more solution to evaluate 9-2 (Eq.
i

]
(3.2.11)) where d, is obtained by multiplying the joint probability

2
density function with Eq. (3.2.11) and integrating over the domain

of b to yleld

kKdy =% (3.3.1)
where

T -1 5 T . coviv,.b.) (3.3.2)

= I v , .3,

277 1 Sbibj 1993
and

E;' : %fb b ";{IETE, p B d da]

1,3=1 14 Q 13
T -
- [g; L Sbde]}COV(bi.bj) (3.3.3)

Hence, from Eq. (3.2.17), the mean value of d is simply

-— -t
E[d] = d + 22 (3.3.4)
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Even though the above computations are compatible with the elemental
discretization and nodal assembly procedures that characterize finite
element theory and software, the number of matrix multiplications is
proportional to q(q + 1)/2. This would be unacceptably expensive. The
large number of computations arise from the double summations in i and j
in Eq. (3.3.2) and (3.3.3). To remedy this situatiom, the covariance
matrix Cov(bi,bj) is transformed to a diagonal variance matrix

Var(ci,cj) such that

Var(ci,cj) =0 for 1 # j (3.3.5)
and

Var(eq,cy) = Var(cy) for 1 = j (3.3.6)

Therefore, the number of matrix multiplications is proportional to q.

The above involves the solution of the eigenproblem:

1)

vy =¢A (3.3.7)
where the G and A matrices are used to denote Cov(bi,bj) and Var(ci,cj),
respectively; and y is a coanstant q x q fundamental matrix with the

following properties:

£T£ =3 LLJT =1 (3.3.8)
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T
A=y Cy (3.3.9)
and
T
b=yc or ¢c=yb (3.3.10)

l is the q x q identity matrix and c is a transformed q x 1 random
variables vector.

wWith Eqs. (3.3.9) and (3.3.10), the mixed derivatives appearing in
Eqs. (3.2.21) through (3.2.28), (3.3.2) and (3.3.3) reduce to second

derivatives. For example, Eqs. (3.3.2) and (3.3.3) become:

- 1 q —
d, =< ¢ d  Var(e,) (3.3.11)
T e L S
and
¥, = g{li’ -y’ BJdg)
~2 1=1 2 ~cici 2 a” ~cici~ ~

) (3.3.12)

Analogous to modal analysis in structural dynamics problems, only a
few modes (i.e. Var(ci)) are required to capture the major
characteristics of the probabilistic distributions. However, the

highest eigenvalues have to be employed. This is in coantrast to the

modal structural problem wherein the lowest eigenvalues are used.
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3.4 Computational Procedures Using the Transformed Random Variables c

Assume that n highest Var(ci) are adequate to characterize the

probabilistic distribution. The discrete c; are transformed according

to

q
c, = L ¢

1’1, ceey N
i =1

b
jij
and the mean and variance of ¢ are
Elc] = y'E(b]
and

Var(s) = diagonal terms of A

where

The zeroth-order matrix equations to be solved are:

URY
a)
(]
tmy|

The n first-order matrix equations to be solved are:

(3.4.1)

(3.4.2)

(3.4.3)

(3.4.4)

(3.4.5)



}SSC =£1+2 i'l, vee, 0
i
where
F,,~F -[/ 35 33 a) 1=1, oo, n

where

35

(3.4.6)

(3.4.7)

(3.4.8)

(3.4.9)

It is also interesting to note that Eqs. (3.4.5) through (3.4.9)

can be put into the general form of

IR

e
]

L]

(3.4.10)

where K is an (n + 2) x (n + 2) block lower triangular matrix of the

form
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r‘_ -
K 2 9 . . 9 o
E E 0 L L] 0 O
~C1 ~ ~ ~ ~
-E 0 _K- . . 0 0
~c2 ~ ~ ~ ~
K=" . . S (3.4.11)
X 0 0 =+« « X 0
Sk T -
Ll‘zz X K <+ - K K
where K, g.c R ;fi and 222 are
i
K=[3D3d (3.4.12)
Q
T—
K, =/ 3D Bda f=1, «eu, 0 (3.4.13)
i Q i
—— T_
51 ’f E [Bcivar(ci)]s da i= 1, see,y, 0l (3.4.14)
8 no sum
and
K = %f B : D, . Var(c,)]B do (3.4.15)
Q i=] i1 ~
Accordingly, 2 and E are n + 2 block vectors which are defined by
d = (E E -a XX E -d- )T (304-16)
~ ~? ~e? ~e,’ » e ? 2
1 2 n

and
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— — — — -'I T
E = (E: Ec ’ EC y °°°% Ec ’ EZ) (304-17)
1 2 n
where
- 1 no_
F,o=<{ ¢ F Var(e,)] (3.4.18)
~2 2 {=1 ~©1%¢ i
The mean and autocovariance matrices for the displacement are:
E[d] =d+d, (3.4.19)
and
n
cov(at,aty = ¢ T T Var(e, ) (3.4.20)
=1 73 73
The mean and autocovariance matrices for the element strains are:
Elg] =3d° +B 3, (3.4.21)
and
o eTe f—f T
Cov(e ,eg) = {iil(g gc1)(§ gci) var(c,)} (3.4.22)

Similarly, the mean and autocovariance matrices for the element stresses

are:
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Elg] = D Elg]
n
- - 1= —e
+{rt[D.Bd  +5D_ _ Bd |Var(c,)} (3.4.23)
fm] ~VCg~ N 2 meyoy~ 1
and
n
Covig g = { & [(B°B°T )(DB°E )"
1=] 1 i
+ (¢ 853%) (B 8fF)T
~C, ™~ o~ ~Q A~
i {
+ (p%8%3® )(df Bfd)T
~ ~ ~C ~C .~ ~
i i
—£ f—£ \T |
+ (D, B°¢°)(D°B gci) Jvar(e )} (3.4.24)

Remark 4.1 While the presentation of the PFEM solution algorithm via

Eqs. (3.4.10) through (3.4.18) is quite elegant, these equations are not

employed in practical computations since the formulations of X , K,,
~cy ~L

K22 and the triangulation of K are unnecessary. Instead, the
"sequential algorithms”™ given by Eqs. (3.4.5) through (3.4.9) are
employed. It should be noted that only the K matrix needs to be formed

and triangulated and F, §;+2 and F, are obtained by vector computations.

Remark 4.2 Once d is given by Eq. (3.4.5), the g; as defined by Eqs.

i
(3.4.6) and (3.4.7) are best obtained with parallel computations.



59

Remark 4.3 The matrices Bb and D, can be computed by direct

~b. b
i 173
differentiation or by the least-squares fit of the series Eq. (3.2.4)

around b. Once these matrices are obtained, the transformation Egs.

(3.4.1) and (3.4.2) can be employed to yield D and D _ . Similarly
~% ~C1¢4

F and F can be obtained.
~C ~c,C

i 171

Remark 4.4 The PFEM, as developed here, can incorporate smooth (C°)

shape functions in Eq. (3.2.4). However, this may result in more

integration points in the evaluation of'i; ’.ii and Eéz
Ni ~ ~
through (3.4.15). To minimize computations, a super-element that spans

in Eqs. (3.4.13)

several elements used for the displacement approximations and in which
the shape function is a constant, is employed in the numerical examples

studied here.
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3.5 PFEM for Transient Analysis of Nonlinear Continua

The transient equations for the finite element model, which account

for both geometrical and material nonlinearities, are:

M a(b,t) + £(d,yv,b) = E(b,t) (3.5.1)

where M is the deterministic mass matrix; £ is the internal force
vector; S, v and a are the displacement, velocity and acceleration
vectors, respectively; E is the external force; 2 is the discretized
random vector and t is the time. Following the same procedures outlined
in the previous sections, the a, E and £ vectors are expanded via Taylor
series, however, total derivatives are applied to £. The second-order

formulas for a, F and f are

q q
- - 1
a=a+ f a ,db, +< ¢ a db,db (3.5.2)
~ o~ 1=1 ~bi i 2 1,j=1 bibj 1773
Fei ¥ L ;% ‘ (3.5.3)
~ ~ 1=1 ~bi i 1,4=1 bibj i3
and
T+ 1[5, +T35, +X3]
f=2f+ g |f + Cv, +Kd, |[db
q
1 < l = — ) i
+ & [5f +5Cv +>Kd
1,1=1 2 ~b1bj 2 ~ bibj 2 bibj
+C v, +X d ]dbdb (3.5.4)
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where the tangential damping matrix and the tangential stiffness matrix

are defined by

o
and

af

K=33

(3.5.5)

(3.5.6)

respectively., Using the above approximations in Eq. (5.1), the q + 2

solutions for d, v and a are:

Zeroth—-Order Equation

i
Y
+
Urh|
[
U

First-Order Equations

Ma +Cv, +Kd
and

T =F -TF

~1i+2 ~bi ~b1

(3.5.7)
1 =1, eeey q (3.5.8)
LI ) q (305'9)
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Second-Order Equations
Ma,+Cyv,*Kd,=F, (3.5.10)
where
a, 1§ a_ . Cov(b,,b.) (3.5.11)
a = A4 o, eJde
~2 77 Sbibj 17
vl 3 Cov(b, ,b.) (3.5.12)
v, =+ I v v(b, ,b, e5e
~2 72 ) ~byby 105
7 -1: 3 Cov(b, ,b.) (3.5.13)
=5 2 v $] . [ [ 3
2772 F ) %oyb V0
and
F,- 1 F,, -1E, -5 5 -E T Joovls b (3.5.14)
, L ] L ]
~2 7 12 3bby T2 2bb, T bydb, T ShyShy 1°°4

The computational effort in solving Eqs. (3.5.8) through (3.5.14)
can be reduced significantly by transforming the full covariance matrix,
Cov(bi,bj), to a diagonal variance matrix, Var(cy). Since Eqs. (3.5.8)
through (3.5.14) are linearized equations, the transformation procedures
are parallel to those outlined in Sections 3 and 4. If n (recall n < q)
highest Var(ci) are used, the q + 2 block system becomes an n + 2 block

system. These n + 2 blocks are:

(3.5.15)

P §< 4
ip|
+
Trn|
[
LT
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P}SQ +Szc +52c_ -Ei+2 i=1, eeepn (3.5.16)
i i i
where
Fer ™ F, -gc i=1, «eu, n (3.5.18)
i i
and
- 1 1= 1= - - R
F,= © {5F -=f -C v =K d }var(c,) (3.5.19)
~2 1=l 2 ~c1ci 2 ~cici ~ci~c1 ~<:i~ci i

Equations (3.5.15) through (3.5.19) are similar to those developed for
the probabilistic dynamic response of a truss structure with

uncorrelated random variables [15,16]. Therefore, the numerical

~

solution algorithms given in {15,16] can be employed directly for the

solutions of the above equations. Once a, v, d, a_ , V_ , d_ , a,, V,
and EZ are obtained, the mean and autocovariance matrices can be

computed according to:

E[d] =d +d, (3.5.20)
E(v] = §+§2 (3.5.21)
E[a] -§+§2 (3.5.22)



and

el

n
cov(at,ady = { ¢ T 1

Var(c )
r=] r r }

(2]

e

Cov(v,v) = { v ;2 Var(e )}

r=] r r

IiMmB
(¢}

n
Cov(ai,aj) ={z ;i P Var(c_)}
r=] Cr ct r

64

(3¢5.23)
(3.5.24)

(3.5.25)
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3.6 Applications

The PFEM formulation developed in Sections 2 to 5 has been tested
by studying two different appli;ations. These are: (1) wave
propagation in a one-dimensional elastic/plastic bar; and (2) static
response of a two-dimensional plane stress elastic/plastic cantilever.
In these numerical examples, the expectation, the spatial
autocorrelation and the coefficient of variation of the random field

b(x) are assumed as follows:

E[b(xi)] = b (1.0 + exi/L) (3.6.1)
and

R(b(xi),b(xj)) = exp(-lxi—le/x) (3.642)

a = 0.10 (3.6.3)

where x4, L, A, and b(xi) denote the location, the length of the
bar/beam, the correlation length and the random function at xy,
respectively. 6 and bo are constants. It is to be noted that the
autocorrelation between any two points depends only on the interval
between these points and not on their locations. The material in the
bar/beam is assumed to be linear elastic and isotropic hardening, with
the uniaxial yield stress as a Gaussian random field in the axial

direction. As can be seen from Eqs. (3.6.1) and (3.6.2), the yield
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stress is a linear function for the mean and an exponential function for
the spatial autocorrelation.

The problem statement for the bar is depicted in Fig. 1. The
random field is discretized so that q = NUMEL = 32. The probabilistic
equations derived earlier are solved by the explicit predictor algorithm
[15] with a slight numerical damping (y = 0.55). A near-critical time
step (At = .000455) 1s used to keep the number of time SCepé minimal,
subject to the stability conditioms.

In the case of the beam, the static response is calculated as a
function of steadily increasing loading, by an implicit algorithm. The
random field is discretized with-64 4-node 2D elements so that q = 16
(NUMEL = 64).

The mean and variance of the displacement at the free end of the
bar, the variance and autocorrelation of the stress along the beam are
computed using PFEM. These results are compared with Monte Carlo

simulation (MCS) of 400 realizations with a first-order filter [5,9].
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3.7 Results and Conclusions

The mean and the variance of the displacement at the free end of
the bar, computed by PFEM and MCS, are compared in Figs. 2 and 3. The
coefficient of variation of the displacement at the free end of the bar
is found to be ~0.13 (the coefficient of variation of the yield stress
is 0.10). The PFEM solutions compare very well with the MCS solutions.
Although both methods compare very well in accuracy, the PFEM in this
case needs much less computer time than the MCS. The convergence of the
variance of displacement at the free end of the bar is plotted in Fig.
4, against the number of modes used in the PFEM computations. It is
observed that only the largest 8 of the 32 eigenvalues (which correspond
to the variance of the uncorrelated variables cy) are sufficient, for an
error less than 1X.

The variance of the stress at the fixed end of the beam, with
increasing loading, 1s plotted in Fig. 5. The maximum coefficient of
variation is found to be 0.09, and it occurs when the beam begins to
yield, at the mean configuration. The PFEM variances are in excellent
agreement with those of MCS. The autocorrelation of tﬁe stress along
the length of the beam, with respect to the stress at the fixed end, is
plotted in Fig. 6. As expected, the autocorrelation near the fixed end
is ~1.0 and beyond that it decreases rapidly. The PFEM autocorrelation
is in fairly good agreement with that of MCS. As in the case of the
bar, only a few eigenvalues are found to be necessary. The largest 4 of
the 16 eigenvalues are sufficient to ensure an error less than 5%.

Since the random field is handled by discretization, it is easy to
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incorporate any specified mean, variance and autocorrelation structure
in PFEM. As the stiffness matrix corresponding to the mean value of the
random field appears in all the PFEM equations, the triangulation needs
to be done only once and the computations are thereby reduced. The
transformation of the correlated variables to a set of uncorrelated
variables further reduces the computations as the covariance matrix is
reduced from a full matrix to a diagonal matrix. However, to do this an
eigenvalue problem of the covariance matrix needs to be sslved.
Numerical results obtained here suggest that a reduced set of the
uncorrelated variables 1is sufficient to predict the response moments
accurately. The PFEM essentially involve solution of a set of
deterministic problems, and therefore, they are easily integrable into

any FEM based code.
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CHAPTER 4

PROBABILISTIC FINITE ELEMENT METHODS FROM VARIATIONAL PRINCIPLES

4.1 Introduction

Much research has been done in the recent years to quantify
uncertainties in engineering systems and their combined effect on the
response. Theoretically, these uncertainties are modeled as random
fields or random variables governed by joint probability density or
distribution functions. In practice, the exact joint probability
density functions are not always available; only the first few moments
such as the mean, variance and correlations are known. The effect of
these uncertainties on the system is ideally evaluated by examining the
probabilistic character of the response, such as the probability of the
response exceeding allowable limits. These limits are referred to as
the failure surfaces. Recent research in reliability is focused on
developing efficient techniques for this purpose. In general, these
techniques involve much computation and are subject to various
restrictions on the nature of the failure criteria.

At the next level, estimates of response bounds, the level crossing
rate or first passage time may be obtainable in some cases without
extensive computations. At the easiest level of computation, the
regsponse statistics such as the mean, standard deviation and correlation
coefficients are calculated [1,2]. These quantities are not only useful
in themselves, but are also useful to calculate measures of reliability,
e.g., the reliability index and reliability in terms of probability of

survival [1-5]. In the past, the distribution functions for the

73
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response were assumed and by using the response statistics, the
probability of failure or survival was calculated [2]. Under a
combination of uncertainties, the response distribution functions may be
difficult to obtain.

More recently, second moment reliability techniques have been
formulated in the space of the input uncertainties. Here, the non-
normal uncertainties are transformed to normal variables and the failure
surface is described in terms of the response quantities.

Transformation to normal variables is done to make use of the special
characteristics of normal distributions, such as rotational symmetry and
rapld exponential decay of the density function. If the failure
function is linear in terms of the response, the probability of failure
is expressed in a straightforward manner in terms of the response
statistics [2,3]. If the failure function is nonlinear, approximating
it by a quadratic function yields accurate reliability values [5].

For analysis purposes, time-invariant and time-variant
uncertainties need to be distinguished. In the latter the probabilistic
features, such as density functions and statistics, vary with time. For
example, in a static analysis of structures, only time-invariant
uncertainties, such as experimentally determined material properties,
may be present. Conversely, in the dynamic analysis of structures, the
forces such as earthquake excitations, wind and wave forces, and jet
noise excitation of aircraft panels are often treated as time-variant
uncertainties. Compared to time-invariant uncertainties, these are very

difficult to quantify exactly, and assumptions such as Gaussian density
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functions, stationarity, ergodicity and white noise characteristics afe
common [6,7]. Ip structural mechanics, the characterization of time-
variant uncertainties in excitations, particularly seismic loadings, is
an area of active research [8-10,14,15)}. Expressed mathematically,
these are differential equations with stochastic excitations. For
linear systems the problem is tractable because of the applicability of
spectral decomposition and superposition techniques [6,7,11]. For
nonlinear systems, techniques such as equivalent linearization have been
adopted with success [6,12,13]. A concurrent, albeit less exteunsive,
area of research in structural mechanics is the one that deals with
stochastic coefficients of both types. Problems with time-variant,
stochastic coefficients have proven to be the toughest to analyze and
still are an active research area.

Apart from simulation techniques {2,16,17], a few non-statistical
approaches are also currently available for solving problems with
stochastic coefficients. These include numerical quadrature [18,19],
second-moment analysis [20,21], the truncated hierarchy method [22], the
method of moments [23], stochastic Green's function method [22],
numerical solution of random integral equations [30,31] aud the
stochastic finite element method [29]. Merits and drawbacks of these
and other methods are discussed in Refs. [24,26,29].

Recently, probabilistic finite element methods (PFEM) based on
second-order perturbations have been formulated by the authors, for

treating time-invariant, stochastic coefficients and excitations. These

- methods are based on second-moment techniques, so they are applicable
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when the uncertainties are not too large and when the probabilistic
density functions have decaying tails. Numerical results for various
applications in trusses, bars, beams and plates have demonstrated the
;ccuracy of PFEM, as compared with Monte Carlo simulation results [24-
27]. These include both static and transient analyses of both linear
and nonlinear structures, with random fields. Sample results for an
elastoplastic cantilever beam with the uniaxial yield stress as a random
field are given in Figs. la~ld [26]. The most appealing features about
PFEM are its conceptual simplicity, ease of computer implementation, and
computational efficiency. The special structure of the finite element
equations, with features such as the symmetric stiffness matrices and
the linear nature of the higher order equations, can be utilized to
enhance the computational efficiency of the method for large-scale
systems with many random variables. Compared to Monte Carlo
simulations, computational requirements are often an order of magnitude
smaller.

This paper focuses on the development of efficient and accurate
methods for calculating the response statistics in structural mechanics,
making use of finite element modeling and solution techniques. By
developing the PFEM equations from a variational principle, the
randomness in the shape of the domain and boundary conditions can be
treated. The PFEM equations are derived for linear continua from the
potential energy variational principle in the next section. In Section
4.3, the PFEM equations for nonlinear continua with large deformations

are derived. It is shown that the final equations are similar to those
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derived for the linear equations. Uncertainties arising from material
and loads are accounted for in both formulations; randomness in the
geometric properties such as shape is also included in the latter
formulation. The PFEM equations are solved efficiently by numerical
methods described in Section 4.,4. The emphasis in this section is on
numerical algorithms for computing the first and second order statistics
of the displacement and stress and internal force. In Sectiom 4.5,
applications of PFEM to an elastoplastic plate with a'hole and a turbine
blade modeled by shell elements are studied. Results are summarized and

discussed in section 4.6.
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4.2 Development of PFEM for Linear Continua from the Potential Energy
Variational Principle

The weak form which is obtained from the potential energy

variational principle is:

dq - é §uF.da = [ suh.dr =0 (4.2.1)

[ 8u D a
a (1,3) 1jke (k,2) 2,

where the strain components are

Ju oJu
def 1,771
eij = u(i,j) S -2-(?1;;+3—Xi-) in @ (4.2.2)

and the stress components are given by the linear stress-strain law

g in ﬂ (40203)

15 = Dijkeske

The traction and prescribed displacement boundary conditions are given

by

oijnj = hi on agh (4.2.4)

and

1 =8y on 3a, (4.2.5)

respectively. 5“1 18 an arbitrary test function which satisfies
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Gui = 0 on ang (4.2.6)
Q 1is the domain, anh and ang are the traction and prescribed
displacement surfaces, respectively, which satisfy
anh n ang =4 (4.2.7)

In the above equations: wuy are the components of the displacement, xy.
are the spatial coordinates, nj are the components of the normal vector;

D are the components of the material response tensor; Fy, hy and g4

ijke )
are the components of the body force, the prescribed traction and the
prescribed displacement, respectively. Repeated indices denote sums and
a comma denotes partial differentiation.

The probabilistic potential energy variational principle (PPEVP),
which is a combination of the potential energy variational principle and
the second-order perturbation method (i.e., the second moment analysis),
embeds the probabilistic distributions, as reflected in the mea; and
covariance of the material properties, domain, boundary conditions and
loading, to yield the corresponding means and covariances of the
response in the variational statement. The basic idea of the second-
order perturbation method in PPEVP is to expand each random function
about the mean value of the random field b(f), denoted by F(i), and
retain at most second order terms. That is, for a given small
parameter g, representing the scale of randomness in b(x), the random

function u; is expanded about b via a second-order perturbation at a
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given point x by
o ' 2 "
u; = oug +gu + gy (4.2.8)
] L
where ug, u, and uy are the zeroth, first and second order functions,

respectively. Similar expansions are done for Dijkz’ Fy» hy, ny and gy.
To simplify the subsequent development, the following abstract

notations are introduced:

@R = L ¥, )Pk, 0) B (4.2.9)
(g,g) = | wiFi dg (4.2.10)
Q
(w0, = [ wh dr (4.2.11)
3Qh

Substituting the expanded functions into Eq. (4.2.1) and equating equal
order terms, the zeroth, first and second order potential energy

variational principles can be shown to be

Zeroth Order

<ag,2°.g°> = (63.{0) + (63,50)8 (442.12)

First Order (f terms)
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o ] L t L o .
<8u,D ,u > = (8u,F ) + (su,h )a - <§u,D ,u> (4.2.13)

~

Second Order (52 terms)

" 0" (1) . ] [}
<6u,0%,u > = (8,F ) + (8w, ), = <6w,D ,u”> = <6u,D ,u > (4.2.14)

Remark 2.1 The arbitrary test function Su satisfies Su = Q on the

boundary aRg.

Remark 2.2 All the functions with a superscript "o are deterministic

functions (i.e., evaluated at b) whereas functious with superscripts

and '"' are random functions characterized by the random field b(x).

Remark 2.3 Equation (4.2.12) is the standard deterministic variational

statement and therefore, the usual Galerkin finite element procedure can
be employed directly. Once 20 is determined from Eq. (4.2.12), the
random functions 5' and 2" can be determined using Eqs. (4.2.13) and
(4.2.14), sequentially.

It should be noted that the random functions E', E', E' and &' and
the functions with the superscript '"' are, in general, described
through spatial expectation and autocovariance functions. Therefore, in
addition to the usual finite element approximation of the displacement
field, the random field is also discretized with q shape functions. To

incorporate the spatial expectation and autocovariance functions into

the formulation, the discretized random variables by are expanded
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about Ek via second moment methods. The first order variation at eacﬁ
point Xe 1s denoted by dby, = EAbK - ;(bKJEk),

For consistency with the finite element approximation and to assure
the accuracy of the approximation of the random field, the random
functions D, F, B and g which are, in general, functions of E(f) and
x, are Elsgg_discretizgd with the same q shape functions. For example,
the finite element approximation of B, (the coefficient 1/2 has been

added to the quadratic term (Eq. (4.2.18)) so that it is consistent with

convéntional descriptions of second moment analysis) is given by:

[ ] ”
D=0 +gp +g'D (4.2.15)
or
D= o 0 ' v 2" 4
D= 121 ¢, (x){D] + gD, +£°D,} (4.2.16)

-— '
ItN nodal value of D evaluated at b, DI denotes the

where D; denotes the

first order variation of D(xI,S) due to variations AbK’ DI denotes the

second order variation and QI(E) are the q shape functions. The random

variables DI

are then expanded in terms of the random variables by by

ooqa
D= KEI (Dy)g Aby (4.2.17)

1 q
D=5 I (D
L=

D)y Abgdby (4.2.18)
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[ ] ”w ’
respectively. The nodal values of (DI)K and (DI)KL can be obtained by

partial differentiation or by a least-square fit, Similar definitions
hold for F, E and g.

The displacement is discretized similarly, however, with NUMEL
elements and NUMNP nodes with.each node having NDOF degrees of freedom,

via (c.f. Eq. (4.2.8)), where

(o] [o]

' NUMNP '
" NUMNP "

and NA are the displacement shape functions. The first and second order

[} "
variations of dA and dA are defined by

' q '
dy= T (g_A)K AbK (4.2.22)
K=1
and
o =L 3 @ aboab (4.2.23)
= 5 z ADb_A ele
A 2 K,L=1 ~A ‘KL KL
respectively.

Substituting the above Galerkin/finite element approximations into

the zeroth, first and second order variational statements, the finite
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element matrix equations can be obtained using Eqs. (4.2.19-21) and the

arbitrariness of sg,

63 = (6d1,5d2,ooc ,GdNEQ)T (4.2-24)

It should be noted that only NEQ test functions are required since no
test function is needed on the parametrized boundary aRg; NEQ is the

number of finite element equations to be solved.

Zeroth Order

.

R =g° (4.2.25)
where
0
K= {KAB} = <NA’ D, NB> (4.2.26)

o (o] o] o
£2 = (£} = (N, B2 + (v, B0,

- <N, 0°, Nc>g‘(’: (6.2.27)
4’ = {d;} (4.2.28)

where the subscript A takes the values of 1 to NEQ, B is summed from 1

to NEQ and C is summed from NEQ + 1 to NED; NED is equal to NDOF times
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NUMNP.
First Order (for each AbK) K=1, eeey, q
. ' 4.2.29
Rae =% (4.2.29)
where
L L] L L 1 o
0 L}
and
L ?
dg = {dgly (4.2.31)
Second Order (K and L are summed from 1 to q)
Kd =f (4.2.32)

where

L= Bydy Abgaby

" L) 1 ”

1 1 1
= {3 Ny Be) + 2 W Bgdy =7 Mo o 87

~



1 o "
- Nps Do 8> 7 N D5 N(ge)y }abyaby

and

1 "
4 =7 {dghyy, Abgaby
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(4.2.33)

(4.2.34)

The mean and autocovariance matrices for the nodal displacement are

defined by

E[d] = [ d(b)£(g,b)db

-

and

)=[ (4 d

- ) =T ) £(g,b)db

Cov(d iB j

1a*%38 1A

(4.2.35)

(4.2.36)

respectively. f is the joint probability density function which is

dependent on . b 1s the random—-variable vector

T
b= (bl’ b,y eee, bq)

2

(4.2.37)

Wwith Eq. (4.2.35), the second order accurate mean value of d is shown to

be

(4.2.38)
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where d 1s given by
-t 1 q (1] .
d =3 T EKL Cov(bK,bL) (4.2.39)

From Eq. (4.2.36) the first-order autocovariance of the displacement can
be shown to be

q ' '
Cov(d = T (diA)K(ij)L cov(bK’bL) (4.2.40)

»d )
17387 g,Le1

To simplify the computational procedure of Eqs. (4.2.32-34),
integrate Eq. (4.2.32) over the range of the random variables so that it
is replaced by

5? -f (4.2.41)

where g' is given in Eqs. (4.2.39) and z' is given by the right-hand

side of Eq. (4.2.33) with AbKAbL replaced by Cov(bg,b;).
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4.3 PFEM for Nonlinear Continua with Large Deformations

In this section, the PFEM formulation for large deformations of
hyperelastic materials in bodies of random shape is considered. The
simplest form of the weak form for nonlinear elasticity with large
deformations 1is:

[sc'gda =[6uFda+ [ suhada (4.3.1)

Q Q iy,

where ¢, g E and B are the nonsymmetric measures of the strain, first
Piola Kirchhoff stress, body force and traction, respectively; 2 and

90, are the domain and natural boundary, respectively, in the initial

h

configuration. Furthermore, the strain measure is given by

e=Vu=6G-1 (4.3.2)

where G 1s the deformation gradient and I is the identity matrix. The

stress for a hyperelastic material is given by

g =3(® (4.3.3)
where
W
2 E 3_G (4.3.4)

and W is the strain energy density function. Randomness in material,
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geometric properties and loads are represented by the random field
b(x). To incorporate the random domain and boundaries into the
formulation, Eq. (4.3.1) can be rewritten as
T T T
[6egJ, dR=[6uFJ dR+ [ suhJ_ da (4.3.5a)
R R aRh

employing the following mappings of the original domain Q and boundary

anh onto the reference domain R and boundary A:

aQ = Jv dR 4 (4.3.5b)
and

dr = J8 dA (4.3.5¢)

The displacement is approximated by a second order perturbation about
the mean random field b at a given X:
\ ] 2 ”»

b= Bo tgu +gu (4.3.6a)

where ¢ represents the scale of randomness in b(x). Similarly, ¢, F,

h, Jv and Js are expressed as second order perturbations. The stress is

expanded as

" '
g= el +SCg) vy +C¢

~

+ 905") (4.3.6b)
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where the first elasticity tensor is given by
2
I°W .
c= 3GaG (4:3.6¢)

The derivatives of nonlinear functions such as y are given in Ref. [28];
however for nonlinear elasticity, the derivatives can be worked out
explicitly. In addition, since the boundaries are parametrized, it is
necessary to perturb the virtual strain in Eq. (4.3.5a) as this is a
function of the domain geometry. Thus,

+g2se (4.3.6d)

4
sg = 8g” + Eog

The randomness in domain and boundary geometry is taken care of by the
Jacobians J, and J,, respectively, in Eq. (4.3.5a).
Substituting Eqs. (4.3.6a) through (4.3.6d) in Eq. (4.3.5a), the

PFEM equations are obtained:

Zeroth Order

[ 6e%Ty°0 dar = [ u"F°0 ar + [ su'n"30 aa (4.3.7)

R R,

e
4e]
[

First Order

'T 0.0 oT, ' o',.0 oT o'
Jlog "ydy + 67 (y + Cg DIy + 6y I AR
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L} 1 ? 1]
= [[6uF 0° + 6u"F°U JdR + [ [6u'h I° + su'h°J_]da (4.3.8)
~ ~ v ~ ~ v ~ e~ 8 ~ ~ 8
R 3R,
Second Order
"T 0,0 T, ! o', ,0 'T o,
£[6s I, o (g *Ce ) +sg Ty
oT, " ' o ",.0 oT, ! o ', ! oT o "
*oée (y *Ce +C ) +8g (y +Ce ) +oe pI Jdr
” ' ' ”
= [[6u'F 3° + su'F I+ 6u'F°J ]dR
R ~ v ~ ~ v ~ ~ v
T," 0 T,'.' T.o."
+ [ [syhJ  +68uhJ +suhg ]dA (4.3.9)

Ry

It is noted that the test function Su satisfies 6u = Q on the
parametrized prescribed displacement boundary BR.g and the intersection
of the boundaries aRh and aR.g is a null set.

Since Eq. (4.3.7) is the deterministic virtual work principle,

standard techniques such as Newton Raphson iteration can be employed for

its solution. After determining 50, Eo and ﬂo from Eq. (4.3.7), the

L ] 1 ] " " "
random functions u , ¢ , ] and u , € , ¥y can be determined from Egs.

~

(4.3.8) and (4.3.9), sequentially. It should be noted that the random

v t ! ! | t
functions y , C, F, h, Js and J_and the functions with the

~e v
superscript '"' are, in general, given and described through the spatial
expectation and autocovariance functions. Similar to the. previous

section, the random functions are discretized with q shape functions.

For example, the finite element approximation of the first
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elasticity tensor, g, is given by:
0 ! 2 )
C=C +8C +& C (4.3.10a)
or
q ° ' 2 "
C= § o (x){c; +¢gC_+:t° ¢} (4.3.10b)
where C; denotes the I'M nodal value of C evaluated at b,
] q 1
S = T (C)y b, (4.3.10¢)
M=]
and
¢ =L § () abav (4.3.10d)
=> I Ab A e
~L 2 M,N=l ~I'MN "M N
respectively. Similar definitions hold for E, h, ¥ Jy and Jge
Similarly, the displacement field is discretized, however with
NUMEL elements and NUMNP nodes with each node having NDOF degrees of
freedom (see Eqs. (4.2.8) and (4.2.19-23)).
The elemental strain is expressed as
e=B g (4.3.11)

where E is the discretized gradient operator. The strain perturbation
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is:
[ "
g=g+Ee + 525 (4.3.12)
or
0.0 'o o,' 2, "0 L Y W
g=Bd +g(Bd +Bd)+g(Bd +Bd +B8d) (4.3.13a)
and from Eq. (4.4.3.6d)
1 "
sg = B%6d” + g8 6g’ + 525 5d° (4+3.13b)

Substituting Eqs. (4.3.10) through (4.3.13) in Eqs. (4.3.7), (4.3.8) and
(4.3.9) and using the arbitrariness of Sdo the zeroth, first and second

order equilibrium conditions are obtained, respectively.

Zeroth Order

[T ar= [ NPk + [ NB°° aa (4.3.14)
R R

First Order (for each bM’ M=1, e, qQ)

! \j

Kdy = £y (4.3.15a)

~

where



]

R

'T o0 f EoT
R

-[ By J, dR -
R v
with

=+ 7

~ ~

resulting in

= +
k=% +5%

where

oT 0.0 0
L

and

R, = [ BT ar
~ R ~ ~ o~ v
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£ = [ N[EJS + PG R + [ N[ + 0230, ]aa

R

=

! o ' 0,0 oT o, !
(y +CBd)II, dR - {( By (J,)y dR(4.3.15b)

(4.3.15¢)

(4.3.15d)

(4.3.15e)

(4.3.15€)

where Bo and T° represent the material response and initial stress

matrices respectively.

Explicit expressions of these matrices for a QBI

element are given in Ref. [38].
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Second Order (M and N are summed from 1 to q)

sg = f (4.3.163)

where

" 1 L "
£f = {f ET[% EMN‘J: + EM(JV)N + % EO(JV)MN]dR
R

T l."” o L l1.0,."
N3 s * BTy + 78 () ]da

- [ Bty g’ ¢ PG @ - [ BT, @

oT tt'o 1 c° o,'.'..0
£ hm*cugni +cM§ +3 ¢ 944115 * OBy, dR

oT, ! o.'.0 0.,0,' ' .
(QM‘*'SM + EQQM)(JV)N dR

°T $2(3 )y 4R - j-;- Bat® 3 drjab,aby (4.3.16b)

and

1 L]

Eqs. (4.3.14) through (4.3.16) are solved in sequence.

The second order accurate mean value of d is
~
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Eld] = d° +d (4.3.17a)
where d 1is given by (c.f. the previous section)
7.1 9
M, N-l
and the first order accurate autocovariance of the displacement is
K 4.,3.17
COV(diA’ij) = T (d ) (ij)NCov(bM,bN) (4.3.17¢)
M, N=]-
The mean and autocovariance matrices for the element strains can be
obtained from the following:
Ele] = +¢ (4.3.18a)
where
g =B’ (4.3.18b)
and g is defined by
=" 4 1" o L |
€ = I [FBgpd +Bd +5B gMN] Cov(by,by) (4.3.18¢)
M,N=]1
Thus,
q ' tT
C°v(§.i’.§j) = " f;.l (Ei)m(ﬁj)N Cov(bM,bN) (4.3.184d)
?
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with the definition
] ' ) 0 \J
(gq0y = (B)udy + Bi(dy)y =1, «es, NUMEL, no sum on i (4.3.18e)

M 1, ceoey q

where subscript "i” denotes the ith element and NUMEL is the total

number of elements.

Similarly, the mean first Piola-Kirchoff stress is:

Elg]l =g° +3 (4.3.19a)
where
g = !ﬂ.o (4.3.19b)
and
- d ! 1 c°
g " I [zﬁim“’w‘inﬁ*c}é + 3 OB’
o ' ! 1 oo0."
+CBd. +5CB SMN] Cov(bM,bN) (4.3.19¢)
and the stress autocovariance is defined by
q ' ' T
Cov(gi,gj) = . §,1 (gi)M(gj)N Cov(bM,bN) (4.3.194)
b4

with the definition



' ' o, ' o 0.0,,"
(g )y = Wy * S1(Byydy + CB;(d 0y

i =
M=

98

l, «ss, NUMEL, no sum on i
1’ Q'.’ q
(4.3.1%e)
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4.4 Computational Aspects of PFEM

4,4.1 Transformation of the Covariance Matrix

In linear problems, it can be observed from Eqs. (4.2.25), (4.2.29)
and (4.2.41) that the determination of go’ g;.and Ey involve one
factorization of K and q + 2 forward-reductions and back-substitutiouns.
The latter operations consist of evaluation of go in Eq. (4.2.25), q
evaluations of E; in Eq. (4.2.29) and one more evaluation of Ep in Eq.
(4.2.41). Even though the above computations are compatible with the
elemental discretization and nodal assembly procedures that characterize
finite element theory and software, the number of matrix multiplicationmns
is proportional to q(q + 1)/2. This would be unacceptably expensive.
The large number of computations arise from the double summations in 1
and j in Eq. (4.2.33). To remedy this situation, the covariance matrix
Cov(bi,bj) is transformed to a diagonal variance matrix Var(ci,cj) such
that

Var(ci,c ) =0 for 1 4 j (4.4.1a)

J
and

Var(ci,cj) = Var(ci) for i = j (4.4.1Db)

Therefore, the number of matrix mmltiplications is now proportional to

q. The above involves the solution of the eigenproblem
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Gy = yA (4.4.1.2)

where Gij and Aij denote Cov(bi,bj) and Var(ci,cj), respectively,

and 1) is a constant transformation matrix with the following properties:

£T§ - 22T =1 (4.4.1.3a)
T
A=y & . (4.4.1.3b)
and
' T
2 =yc or ¢ =y b - (4.4.1.4)

1 1s the q x q identity matrix and ¢ is the transformed q x 1 random

variables vector. The mean and variance are
Elc] = y E[b] (4e6a1.5)
and
Var(s) = diagonal terms of A (4.4.1.6)
With Eqs. (4.4.1.3b) and (4.4.1.4), the mixed derivatives appearing

in Eq. (4.2.40) reduce to second derivatives, and the covariance matrix

is replaced by the diagonal variance matrix in Eqs. (4.2.33) and
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(4.2040) ]

Analogous to modal analysis in structural dynamics problems, only a
few modes n(n < q) (i.e., Var(cy)) are required to capture the major
characteristics of the probabilistic distribution. However, the highest
eigenvalues have to be employed. This is in countrast to the modal
structural dynamics problem, wherein the lowest eigenvalues are used.

As PFEM involves, essentially, a set of sensitivity equations with
respect to ¢, recent techniques in design sensitivity analysis can be
adapted easily. Omne such technique is the adjoint method in mechanical
design [32-35]. In this method, the first and second order derivatives
of the objective functions and constraints are calculated w.r.t. the
design parameters, with minimal computations of the firs; and second

order equations.

4,4,2 Adjoint Method in PFEM

Consider a typical function y(c,d) involving the displacements d

and ;he random variables Ce Chain differentiation yields

T 1]
= ‘Pc + ‘PS s i= 1, ey, T (4-4.2.13)

[w]
1 i ¢y

[

where the subscript denotes the derivative with respect to ¢y, and

) (4.4.2.1b)

T
wd = (’bd 9 eseoey '¢dk, LY deEQ

< 1

Substituting Eq. (4.2.29) in Eq. (4.4.2.1b), the explicit equation
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+ wd 5 f i = 1, seey n (4-40202)

is obtained. Usually, in the direct method, the above equation is
evaluated for each random variable ¢y, involving 'n' solutions of the

linear equation (4.4.2.2). In the adjoint method, A is selected to

satisfy

K= fﬂ (4.4.2.3)
Then, Eq. (4.4.2.2) caé be rewri;ten as

vl, =, +,A,T £. 1i=1, «eo, n (4.4.2.4)

The adjoint problem, Eq. (4.4.2.3), is solved only once in this

method. In the direct method, 'n' solutions of Eq. (4.2.29) are
required. This is the advantage of the adjoint method over the direct
method. Both methods require 'n' inner products with g;i, in Eqs.
(4.4.2.1) and (4.4.2.4), respectively. However, it has been shown that
when the number of functions ¢ is more than the number of random
variables, the computational advantage of the adjoint method is lost
[33,34]. By solving 'n' adjoint problems, the second order sensitivites
can also be evaluated [33,34]. It should be noted that the adjoint

method i1s applicable to nonlinear problems as well, as the first and

second order equations are still linear.
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4.4.3 Displacement Derivatives in PFEM

In mechanics, one is often interested in the response in only a
portion of the entire domain. Stress concentrations, plastic flow and
strain localization effects are some examples. Similarly, in
probabilistic analysis, one is interested in the probability of failure,
which usually initiates in a small domain. This translates into a few
nodal displacements and element strains and stresses. In such cases,
the adjoint methodology can be used to reduce the computations in PFEM
equations for the evaluation of derivatives.

The adjoint method can be used to calculate the displacement
derivatives of the kth component of the displacement vector i’ denoted

by d(k). This is done by substituting

lp = d(k) (404.301)
in Eq. (4.4.2.4). Thus,
1
i i i
where ﬁ is obtained from the adjoint problem
5 A = dgk) . (4.4-303)

~

Interestingly, the right hand side of Eq. (4.4.3.3) is a Boolean vector,

with unit value at the k&P component. Therefore, the adjoint problem
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for displacement derivatives can be interpreted as a linear structurai
problem with the same tangent stiffness and a unit load at the kth
position of the external force vector. The displacement covariance is
then obtained from Eq. (4.2.39), where the derivatives are with respect ’
to ¢ and the covariance matrix is replaced by the diagonal variance
matrix (Eq. (4.4.1.6)).

In the direct method, the second-order term gﬁ in Eq. (4.2.41) is
obtained by a single solution, irrespective of the number of random
variables c;. This is because of the summation of the second-order
displacement derivatives in Eq. (4.2.39).

In comparison, the adjoint method may require more computations to
compute the second-order term Er. This term requires the first

derivatives of the displacements, over the entire domain. In such a

scenario, the adjoint problem (cf. Eq. (4.4.3.3) has to bée solved for
each component of the displacement vector g, resulting in more
computations. If the size of the vector g is small when compared with
the number of random variables cy» the gdjoint method will require fewer
computations than the direct method. Thus, the selection of the adjoint
method over the direct method depends on (i) the number of displacement
components considered, (ii) the number of random variables ¢y, 1 =1,
eeey n and (i{ii) the size of the displacement vector g;

It is to be noted that the adjoint problem is always linear,
irrespective of the primary problem. It has been noticed that the
second-order term contributes very little to the mean displacement

calculations [24-26]. If the second-order term is neglected, then the
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adjoint method for the first-—order mean and covariance would involve

solutions of only two equations viz., Eqs. (4.2.29) and (4.4.3.3) and
'n' inner products with g;i in Eq. (4.4.3.2). The adjoint PFEM method
for displacements is applicable to linear and nonlinear materials, with
the use of stiffness and tangent stiffness matrices, respectively. The
first order mean and covariance of displacements d(k), k=1, ¢eo, N
where N is the number of displacements of interest, are

g[a{®) = ¢°® k=1, eou, N (4.4.3.4a)

q
cov(d™,a®)y - ( z 1aW)_ (¢ var(e))} (4.4.3.4b)
r=1 r r

4.4.4 Stress Derivatives in PFEM

The first derivative of the stresses with respect to the
probabilistic variables, in any element, can be expressed in terms of
the displacement derivatives in this element which are first calculated
by the adjoint method. For a four node, 2D continuum element this
requires the solution of eight adjoint problems. For linear materials,
the stress derivatives with respect to the transformed vector <, in a

given element are:

S (4-404.13)

resulting in
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(4e4.4.1D)

In the absence of random material properties, the first term iﬁ Eq.
(4.4.4.1b) drops out and in the absence of random geometric properties,
the second term drops out. In the case where only loads are random,
both terms drop out. .

For nonlinear materials, Eq. (4.4.4.1a) cannot be easily
evaluated. One strategy 1s to replace these derivatives by their

finite~difference counterparts [24]

' 1 o+ o~
o = (o0 -0 ) (4.4.4.2a)
~Cy g_so 2Aci ~ ~ S'ﬂo
with the definitions
o+ o
g =gl +agy) (4.4.4.2b)
go- = g(so - Agi) (4.4.4.2¢)
and
T
Asi = (0, ceey Aci, ce ey 0) . (4.4.4.2d)

The derivatives of the tangent constitutive matrix in Eqs. (4.3.16b) can
also be approximated similarly. For a general nonlinear material, Eqs.

(4.4.4.2b) and (4.4.4.2c) have to be evaluated by solution of the zeroth
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order equation, with the appropriate values of c. However, for

elastoplastic materials with random material properties, these
quantities can be evaluated in the course of the zeroth order solution
by the radial return algorithm [36]. Additional arrays to store the
stresses in Eqs. (4.4.4.2) are all that is needed to achieve this.

Essentially, the functional relationships

o+ o+ )
Tesar = 908 » dp» Ag) (4.4.4.38)
and
o= o- o
Feape = 92 » dp» 85) (4.4.4.3b)

hold, for each ¢y [37]. The subscripts 't' and 't+at' refer to two
successive time steps, in the evolution of the stress history. The

first order mean stress and covariance of stress are expressed as

Elg] = ¢° (boba4.ba)

~

and

q ' '
cov(at,od) = { = [oilr[o'j]r Var(e )} (4.4.4.4b)
r=]

b

i
where ¢° and ¢~ are any two components of the elemental stress

vector g.
~
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4,5 Applications

The usefulness of PFEM is demonstrated here by three
applications. In the first two cases, the problem studied is an
elastic—pléstic plane continuum with a circular hole. In the first
application (Fig. 2), the uniaxial yield stress and the uniform

compressive load are assumed to be two independent stationary random

fields, with an exponentially decaying correlation function. The load

is discretized into 12 components, applied at the nodes, both for
deterministic and random analyses. The yield stress is assumed to be
radially correlated in an exponential manner (Fig. 2). The domain of
the plate is divided into 15 ring-like bands and in these bands the mean
yleld stress is assumed constant in time and space. This resglts in 15
discretized random variables for the yield stress. The load is quasi-
static and linearly increasing with time, with 8 load steps. The
displacement and stress statistics are studied in each of these load
steps.

The mean and variance of the compressive stress at load step 8,
along the x-axis, are plotted in Figs. 3a and 3b, respectively. The
elements near the hole are plastic at this load, as can be seen from
Fig. 3a. The variance of the stress is maximum, therefore, near the
hole and this is seen in Fig. 3b. These results compare very well with
the Monte Carlo simulation (MCS) results. The coefficient of variance
is 1072 for the stress. The mean and variance of the stress near the
hole (Point B) are plotted in Figs. 4a and 4b, respectively. The mean

stress is plastic after the second load step. Thereafter, the mean
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stress 1s almost constant and is equal to the uniaxial yield stress
valpe, except for a slight hardening effect. The variance of stress
rises rapidly when the yielding occurs (i.e., elastoplastic state of
stress) and thereafter it rises gradually. The maximum coefficient of
variation for the stress at Point B is 10Z. The stress correlation
along the x-axis, w.r.t. the stress at Point C, is plotted in Fig. 4c.
Interestingly, the correlation is almost zero near the hole and there is
inverse correlation near the fixed end of the plate (cf. Fig. 2). This
suggests that the stresses in the plastic state are not correlated with
the stress near Point C. This can be explained by the fact that beyond
ylelding the stress remains practically constant for this material
because E/ET = 100. Near the fixed end, the stress is almost zero and
the negative correlation implies that this stress will statistically
increase when the stress near point C decreases. By studying the
effects of the two random fields separately, it is noticed that the
random load effect in terms of the variance, is spread wider over the
elements along the x—axis than the random material effect, and the
effect is mainly near the hole. As i3 to be expected, the variance of
the stress under the combined effect of the random material and random
load is additive. Similarly, for the mean values of stress, the second
order effect 1is additive.

The second example concerns the cyclic loading of the same plate
with only the yield stress as the random field. Mechanical and
aerospace components are usually subjected to thousands of cycles of

stress, resulting in fatigue. The material properties usually show some
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degradation with time in these components. A modest attempt is made
here to see if there is a large variation of the response statistics
after 3 cycles of loading and unloading. The mean and variance of the
displacement at node A is plotted as functions of the load step in Fig.
Sa. The mean displacement is sinusoidal, resembling closely the forcing
function. The variance of the displacement is zero until the plate
begins to yield in compression. After this, the variance jumps to a
higher value and remains steady until the yielding in tension begins.
At this point, there is a sharp drop in the displacement variance aand
after that the variance stays at a counstant level. This phenomenon
repeats every cycle. There seems to be a gradual buildup of the value
of the displacement variance during every cycle, particularly under
compression. The maximum coefficient of variation in these cycles is
2%,

The mean and variance of the stress at Point B are plotted in Fig.
5b. The mean stress is periodic, with a slight flattening at the top
and bottom. This flat region corresponds to the plate yielding, in the
mean sense. The variance of stress at Point B is periodic, and behaves
similar to the displacement variance. The coefficient of variation is
10%.

The stress variance exhibits spikes whenever yielding is about to
commence. The variance drops to a near zero level in these downward
spikes. This phenomenon can be explained from the elastic-plastic
behavior of the plate under stress reversal. To do this, three

deterministic solutions of the stress in the plate are shown in Figs. 6a
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and 6b at various loadsteps, under cyclic loading. These correspond to
yleld stress (cy) values of 26,000, 25,000 and 24,000 psi, respectively.
During the first ylelding, in compression, the magnitude of the stress
for ay = 26,000 is maximum and this stress plot, in Fig. 6a, lies
outermost. Before the next yielding in tension commences, there is a
crogsover of the three curves. This crossover is necessary because the
magnitude of the stress at yleld, for the highest yield stress value, is
always the highest. The crossover repeats twice for each cycle of
loading. This translates into a very small variance of stress near the
crossover regions because the variation of stress w.r.t. the yield
stress 1s near zero. The spikes in the displacement variance can also
be explained similarly.

The third application studied is a turbine blade with random load
along the edge, random yield stress and random length of the blade., The
problem statement, along with the details of the random fields, are
given in Fig. 7. The load is quasi-static and linearly increasing, with
15 load steps. The expectation and deviation of the displacement are
plotted in Fig. 8a; the coefficient of variation is plotted in Fig.
8b. It is noticed that the first two steps are elastic and beyond that
the blade starts yielding. Due to this yielding, the expectation is
nearly flat beyond the second load step. In the elastic region, the
maximum contribution for the deviation comes from the fandom load
followed by the random length. In the elastoplastic region and beyond,
the random yleld stress affects the deviation most. The combined

deviation has a maximum coefficient of variation of 13% and this occurs
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just after the initiation of the yielding.

The stress statistics are plotted in Figs. 9a and 9b. The stress
deviation is largely due to the random load in the elastic region, as in
the case of displacement deviation; the effect of the random length is
very small in both the elastic and plastic regions; the random yield
stress causes the most deviation in the plastic region. The maximum

coefficient of variation is 8%, at the last load step.
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4.6 Conclusions

The PFEM techniques for linear and nonlinear materials, including
elastoplastic materials, yleld efficient and reliable statistics of the
response quantities of interest. The direct solution of PFEM equations
may require a substantial number of computations for large systems. By
making use of features such as the eigenvalue orthogonalization and
selection of only a few highest eigenvalues, the adjoint methodology,
and superposition of random fields, these computations can be
drascicallylreduced. The results obtained here show that the first and
second order variances in response which are obtained by this form of
the moment method agree well with Monte Carlo simulations when material
properties such as the yie14 stress are random variables. The results
also seem to suggest an increase in the response variance even with a
small but steady degradation of material properties after several
cycles. However, this needs to be investigated further. As discussed
in the introduction, based on the response statistics, reliability
measures can be calculated. In addition, the response gradients with
respect tovthe random variables are calculated in the course of PFEM
calculations. These are also useful in reliability calculations and

probabilistic design.
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Elastic/Plastic Plate with a Hole
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Er =30.X10* (Plane Stress)
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(Isotropic Hardening) Node 400  Point A

v =03 Element 15 Point B
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Random Load Characteristics

Size of Random Load Vector (q)= 12
Coefficient of Variation= 0.10
Correlation Length (A\)= 18.0
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Random Material Characteristics

Size of Random Material Vector (q) = 15
Coefficient of Variation= 0.10

Correlation Length ()= 9.0

Mean Yield Stress= 25000.0

Spatial Correlation of Random Load and Yield Stress
R(x1,x))=exp(—ABS(x—x;)/A)

Problem Statement

Figure 2
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Problem Statement

Figure 7
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CHAPTER 5

APPLICATIONS OF PROBABILISTIC FINITE ELEMENT METHODS
IN ELASTIC/PLASTIC DYNAMICS

5.1 Introduction

Design methods for engineering problems are, in general, based on
deterministic parameters. In practice there are often uncertainties
associated with parameters such as: material and geometric properties,
forces, and boundary conditions. Although, in most situations the
uncertainties may be small, the combination of these can lead to large
and unexpected excursions of the response, particularly in multi-
component systems. In the context of failure and reliability analysis,
this phenomenon is of obvious significance. In the past, problems with
uncertainties have been studied to provide an insight of the statistical
response variations, with methods like sampling [1-4], numerical
integration [5,6], second-moment analysis [6,8] and stochastic finite
element methods [6,9-12]. The choice of the appropriate method depends
on the nature of the problem and this was briefly discussed by the
authors in Refs. [12;13]. Typically, the uncertainties are modelled as
random quantities governed by probability density functioms, and that is
also the case here.

A survey of the existing literature shows that, with the exception
of the methods based on sampling, the other methods are limited to
linear problems. Moreoever, techniques for handling random fields,
where the randomness 1s spaced over the continua, are even scarcer. The
authors have recently extended probabilistic finite element methods PFEM

[13] to linear and nonlinear continua in both static and transient
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settings.

A schematic of the PFEM is presented in Fig. la. In the PFEM [13],
the random fields, characterized by the mean, variance and
autocorrelation functions, are discretized to obtain the mean vector and
the covariance matrix. For a correlated random field, the covariance
matrix will be a full matrix and therefore it will require too many
computations. To remedy this, the correlated vector is transformed to
an uncorrelated vector by an eigenvalue orthogonalization procedure
resulting in a diagonal covariance matrix, and therefore, fewer
computations. This transformation procedure gives rise to a set of
modes and corresponding eigenvalues. Iﬁ is shown that only a few of
these modes are sufficient to obtain a converged PFEM solution.

Finally, the PFEM involves solution of a set of deterministic FEM
equations to obtain the mean, variance and autocorrelation of the
response.

In this paper, two applications of the PFEM in elastic/plastic
dynamics with random material properties are studied in detail. The
discretization of the random field depends on factors such as the
inhomogeneity of the randomness and the extent of the spatial
correlation. The necessary guidelines for the discretization are
discussed in the next section. In Section 5.3, the choice of the number
of modes necessary for a converged PFEM solution is discussed. The
computational efficiency and accuracy of this method are compared with
those of Monte Carlo simulation with a first-order filter [6,7] in

Section 5.4, along with the conclusions.
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S.2 Random Field Discretization

Let b(f) represent the random field. 1In PFEM, b(x) is approximated

by discretization as

q
i=]

where Ni(x) represent the shape functions and bi the discretized values

of b(x) at x4, 1 = 1, «.., q. It follows from Eq. (5.2.1) that

q

db(f) = T Ni(f)dbi (5.2.2)
i=]

2 q

db(x) = % Ni(x)N (x)db, db (5.2.3)

i,j=1
where
dbi = bi - bi (5.2.4)

and'gi represent the mean values of by (also denoted by the expectation

operator E[+]). From Eq. (2.1) the expectation and the covariance of

b(x) are, by definitionm,

+vo

E[b(x)] = [ bB(x)E(b)db (5.2.5)
: ( )‘ (b,] (5.2.6)
= I N (XE[b 5.2.
= 1R
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and

40

Cov(b(x,),b(x )) = ‘L (b(x,) - F(Ek))(b(gz)-'ﬁ'(fz))f(g)dg (5+2.7)

q
1,1=1 1% 3
where f(h) is the multivariate probability density function; X and xz
are any two points in the domain of x.
From second-moment analysis [6,8], the mean of any function
S(b(f),ﬁ) at any point X and the covariance of the function between

any two points x, and xz can be written as

~k
Bs,] 25 +1 1 32§k (b, ,b,) (5.2.9)
= + = p> Cov »D 5.2.9
o I 35,25, 1°°5
and
~ q a§ B
Cov(Sk,Sl) = . g- ( )(ab )Cov(b bj) (5.2.10)
where
Sk = S(b(f),xk) (5.2.11) B

and the superposed bar implies evaluation at'E. The error in Egs.
(5.2.9) and (5.2.10) arises from: (1) the truncation of higher order

moments and (2) the discretization of the random field b(x) by the




127
finite vector b. If the randomness in b(x) is small, then the first

error will be small for a smooth function and the second-moment analyis
is applicable. The error due to discretizationm in Eqs. (5.2.6) and
(5.2.8) can first be studied to provide an insight of the discretization
accuracy.

The discretization error of the covariance field is defined by the
Ly norm

B2 = [ [Cov (b(x,),b(x,)) - Cov_(b(x,),b(x,))]%da (5.2.12)

o E'C Rk 00Ty p > Xk’ E, '

where Covg and Covp represent the exact and discretized covariances.

The exact covariance is calculated from the given function for the mean

E[b], coefficient of variation a and the autocorrelation R as follows:
Covy (b(x,) ,b(x,)) = [Var(blx,))Var(d(x,))]/2R(bCg) blx,))  (5.2.13)
where
var(b(x,)) = (a(blx,)Eb(x,)1)° (5.2.14)

The discretized covariance between any two points X and xz is obtained

from:

q
CovD(b(Ek),b(fz)) = . §=1 Ni(fk)Nj(fz)COV(bi’bj) (5.2.15)
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and

.

1/2
Cov(b,,b,) = [Var(b,)Var(b,)] / R(b,b,) (5.2.16)

3

where bi are the discretized points of b(x), corresponding to X i=1,

eses Qo For a beam with a random field along the x—axis (Fig. 1lb), the
logarithmic plot of E against q is given in Fig. 2a, and the rate of
convergence is found to be 1.325 for nearly all q between 4 and 64.
When the random field discretization is coupled with an FEM
discretization, as in PFEM [13], q need not be equal to the number of

finite elements NUMEL and the shape functions Ni(x) need not be the same

as the finite element interpolants for the displacement field.
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5.3 Transformation Procedure for Computational Efficiency

The mean and covariance can be obtained from Eqs. (5.2.11) and
(5.2.12). However, the number of derivatives to be evaluated is
proportional to q(q+l1)/2. This arises from the double summations in 1
and j. To reduce the number of computations, the full covariance matrix
Cov(bi,bj) is transformed to a diagonal variance matrix Var(ci,cj) such

that

Var(ci,cj) =0 for L # j (5.3.1)

and

Var(ci,c ) = Var(ci) for 1 = j (5.3.2)

3

Therefore, the number of derivative evaluations is proportional to q.

The above 18 achieved through the eigenproblem:

Gy = YA (5.3.3)
where the G and Q matrices denote Cov(bi,bj) and Var(ci,cj),
respectively; ¢y is a constant q x q fundamental matrix with the

following properties:

ETE - MT -1 (5.3.4)
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T
A =y & (5.3.5)
and
T
2 = yC or S - 2 B (5.3-6)

3 is the q x q identity matrix and < is the transformed q x 1 vector of

random variables.
with Eqs. (5.3.5) and (5.3.6), the mixed derivatives appearing in

Eq. (5.2.11) reduce to second derivatives and Cov(bi,bj) reduces to

Var(ci):
- qQ .23
Els] =5 +2 & &3 var(e) (5.3.7)
i=1 3¢
i
and
Cov(Sk, z ( )( )Var(c ) (5.3.8)

Thus, the discretized random vector B is transformed to an uncorrelated
random vector C with the variance of c as the eigenvalues of E in Eq.
(5.3.3).

In the numerical examples, an exponentially decaying
autocorrelation in one-dimension is assumed with various correlation
lengths 'A' (i.e., the length at which the autocorrelation drops to

0.37, see Fig. 1b). It is observed that for one-dimensional random
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fields, as A increases from zero to a large value, the number of largest

eigenvalues N, N < q necessary to evaluate the mean and covariance in
Eqs. (5.3.7) and (5.3.8) to a specified accuracy, decreases from q to
l. When A is zero the random field is uncorrelated and all q
eigenvalues are dominant. When the field is uncorrelated, all q random
variables are necessary to represent the randomness of the field.
As A increases the number of dominant eigenvalues decreases.
Eventually, for a very large A the random field is closely correlated
and there is just one &ominant eigenvalue., When the field is closely
correlated, only one random variable, corresponding to the largest
eigenvalue, is sufficient to represent the randomness of the field.
This feature, when present, can easily be exploited to reduce the
number of computations. The value of N can be chosen based on the

distribution of the eigenvalues before solving the PFEM equations. The

‘eigenvalues here can be interpreted as weighting factors for the

corresponding mode shapes necessary to represent the covariance
structure; a large eigenvalue means a dominant mode and vice versa. The
eigenvalue distribution and the mode shapes are depicted in Figs. 2b, 3a
and 3b, for a numerical example. Results of the eigenvalue distribution
and selection of N, for a beam problem and a bar problem, are discussed

in the next section.
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5.4 Results and Discussion

(1) Elastic/Plastic Beam with Yield Stress as a Random Field

The problem statement is depicted in Fig. 1b. The yield stress is
assumed to be a function of the position along the length of the beam
only. The Gaussian random field, which is the yield stress, is
discretized so that q = 16 (NUMEL = 64). 4-node continuum elements are
employed. The coefficient of variation of the yield stress is assumed
to be 0.10. The static response, as a function of the loading, is
calculated by an implicit algorithm.

The mean displacement, the variance of the displacement, the meah
bending stress and the variance of the bending stress are shown in Figs.
4a to 4d. The coefficient of variation of the displacement at the free
end is found to be 0.069 and that of the stress at the fixed end is
0.087. The results are compared with those of a Monte Carlo simulation
with 400 realizations and they are in excellent agreement.

The convergence of the random field discretization error, as
defined in Ed. (5.2.13), is plotted in Fig. 2a. The rate of convergence
is found to be 1.325. The eigenvalues of the covariance matrix are
plotted in Fig. 2b. Based on the distribution, 4 out of the 16 largest
eigenvalues were chosen. The mode-shapes, corresponding to these 4
largest and 4 smallest eigenvalues, are shown in Figs. 3a and 3b,
respectively. The latter, clearly, play no role in representing a
smooth autocorrelation, as is assumed here; if the field is highly
uncorrelated these modes will be necessary. This resulted in a 957

accuracy in the variance of the stress at the wall (Fig. 2d).




133

The exact autocorrelation and the discretized autocorrelation for
the Monte Carlo simulation of 400 realizations are compared in Fig. 2c;
the autocorrelation is along the length of the beam, w.r.t. the yield
stress at the wall. This amply demonstrates that this sample size would
be sufficient to bring out the response correlation characteristics, and
that the first—-order filter captures the correlation characteristics
quite well.

The spatial autocorrelation of the displacements at two different
loads, along the length of the beam, are depicted in Figs. 5a and 5b.
The spatial autocorrelation of the stresses along the length of the
beam, at these loads, are depicted in Figs. 5S¢ and 5d. The displacement
autocorrelation is w.r.t. the free end displacement and the stress
autocorrelation is w.r.t. the wall stress. 1In the first loading, 4
element layers (16 elements) near the fixed end are yielded and in the
second loading 10 element layers (64 elements) are yielded. The
displacements along the length of the beam show almost complete
correlation with one another, irrespective of the correlation
characteristics of the yield stress. The stresses, because of their
direct dependence on the material properties, exhibit a varying
autocorrelation along the length of the beam just like the random yield
stress. Interestingly, the results of stress autocor;elacion by PFEM
and MCS are smooth and in good agreement in those elements that have
ylelded (in the mean sense) (Figs. 5c and 5d). In other elements the
results show disagreement and oscillations in both PFEM and MCS

results. In many of these elements, the mean stress is well below the
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mean yield stress and so the randomness of the yield stress has a very
insignificant effect on the stress values, as measured by the stress
variances. Figs. 5c and 5d show that the stresses in the unyielded

portion of the beam are highly uncorrelated to those in the yielded

position. It is interesting to note that although the material law is
highly nonlinear, the second order moment method which underlies PFEM

agrees very well with Monte Carlo simulations.

(2) Elastic/Plastic Bar with Plastic Modulus as a Random Field

The problem statement 1is depicted in Fig. 6a. The plastic modulus
ET is assumed to be a Gaussian random field along the length of the
bar. The material is assumed to be elastic-plastic with isotropic
hardening. As can be seen from Fig. 6a, the yield stress is spatially a
linear function for the mean and an exponential function for the
autocorrelation. The coefficient of variation is assumed to be 0.10 and
the random field is discretized so that q = NUMEL = 32. The
probabilistic equations are solved by the explicit predictor algorithm
(12] with a slight numerical damping (y = 0.55). A near-critical time
step (At = 0.000455) is used to keep the number of time steps minimal,
subject to the stability conditions.

The mean and the variance of fhe displacement at the free end are
shown in Figs. 6b and 6c. The coefficient of variation of the
displacement at -the free end is found to be ~0.05. The results are
compared with those of a Monte Carlo simulation with 400 realizatioans

and they are in excellent agreement. For both examples, the PFEM needed
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much less computer time than the MCS. Also, only the largest 8 of the

32 eigenvalues are found to be sufficient to predict the displacement
mean and covariance with a 99% accuracy.

In second moment PFEM, the superposition of the covariances of the
response for two different, uncorrelated (to each other) random fields
in a structure is the same as when both the random fields are present
simultaneously. For example, the results of a bar with only the yield
stress as the raﬁdom field and those of the bar with only the plastic
modulus as the random field can be superposed. The summed results will
be the same as that of the bar with both the random fields present.
When 'N' random fields are present, they are divided into 'an' groups (n
< N) such that the fields within a group are correlated to one another
and uncorrelated to those in the other groups. The PFEM results for
each of these groups caﬁ then be simply summed, as in the case of 2
uncorrelated random fields. This is, of course, not possible in
simulation where the entire calculations have to be repeated. For the
purpose of probabilistic analysis in multi-component systems, this is an

added advantage of PFEM over the simulation methods.
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CHAPTER 6
SUMMARY AND CONCLUSIONS

The theme of this study was to develop and apply efficient
probabilistic finite element methods for various classes of problems in
structural and solid mechanics. In nonlinear problems the main issue
addressed was the evaluation of the higher order derivatives of the
stresses and the internal nodal forces with respect to the random
variables (Chapter 2). It was shown that finite-differencing was a
fairly accurate way of approximating these derivatives. Applications in
truss structures were studied and the results agree with those of Monte
Carlo simulation and Hermite-Gaussian quadrature. It was aiso
discovered that the higher;order equations involve secular terms which
caused the solutions to deteriorate with time. Damping did not mitigate
the problem and other remedies were suggested to eliminate secular
terms. Secular terms, however, do not arise when only the external
forces are random. The spatial discretization procedure of the random
field resulting in the mean vector and the covariance matrix was
outlined in Chapter 3, along with a simple check on the discretization
accuracy. The popular eigenvalue transformation technique to obtain a
vector of uncorrelated variables has also been implemented in PFEM.
This reduced the computations from a quadratic to a linear dependence on
the number of random variables. Furthermore, it was observed that a
reduced set of the uncorrelated variables was sufficient to model the
randomness. Each variable represented a mode of correlation and

depending on the strength of correlation adequate number of modes had to
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be included. In general, the higher the correlation the lesser was the

number of modes that were required. The eigenvalues of the
transformation were weighting factors in the superposition of modes.
Whereas in Chapters 2 and 3 the PFEM equations were derived from the
equations of motion, it was demonstrated in Chapter 4 that they can be
quite as easily derived from variational principles. For linear
continua, the equations were derived from the potential energy
variational principle and for nonlinear continua undergoing large
deformation the corresponding equations were derived from the principle
of virtual work with appropriate stress and strain measures. Also, for
eléstoplastic materials, a direct method of evaluating the stress
derivatives was outlined. An important advantage in deriving the PFEM
equatioﬂs from variational principles is the ease of incorporating the
random geometry.

Various applications were studied in truss structures, bar, beams
and plates and the results compare favorably with those of Moante Carlo
simulation. It was noticed that the second order terms have negligible
contribution to the mean response. It was also noticed that the
strength of correlation did not affect the magnitude of the response
moments appreciably. However, this may not be the case when the
structural reliability has to be calculated. With the use of adjoint
method it was demonstrated that the response moments can be selectively
computed in a desired portion of the structure. Some applications in
elastic-plastic dynamics were studied in detail in Chapter 5. Most

uncertainties gseem to linearly affect the response (i.e., a 104 c.o.v.
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of a random property gives to not more than 10% c.o.v. of the

displacement or stress). It was also noticed the displacements in any

structure were always perfectly correlated regardless of the correlation
level among the random variables. This was not the case for stresses,

however. Unlike stress, which can exhibit sudden variation in a

structure as in stress concentration, the displacement field in a

structure is a smooth function by nature. Alternatively, from the

finite element context, the external forée is obtained by integrating
the stresses over the domain and then the displacements are obtained.

This integration process results in a smooth displacement field.

Based on the work in this research, the following suggestions are
made for further work:

1. Methodologies for modeling mixed random boundary conditions, with
PFEM. Direchlet and Neumann boundary conditions, with random
magnitudes, can be easily incorporated in PFEM as random external
forces. However, mixed boundary conditions are not so easily
modeled. Example: A beam may not be fully clamped or fixed.

2. Second-moment based reliability techniques are available for mostly
linear systems. The major issue in nonlinear systems is the
computation of the response gradients. By incorporating some of the
techniques outlined in this report, this computation may be done,
accurately and efficiently. In limited situations, the response
moments themselves may be used to calculate reliability.

3. As PFEM involves solution of a set of independent first-order

equations, in addition to the zeroth and the second-order equations,
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the first order equations can be processed in parallel. The
solution sequence would be: solution of the zeroth-order equation
first, parallel solution of the first-order equations next and
finally the solution of a single second-order eﬁuation. In solving
the higher order equations, the already decomposed stiffness matrix

can be made use of.
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APPENDIX A: REVIEW OF MONTE CARLO SIMULATION METHODS
AND HERMITE-GAUSS QUADRATURE SCHEMES

A.l Monte Carlo Simulation Methods

Various Monte Carlo Simulation techniques are now available. 1In
our analysis, the "simple” Monte Carlo method is used. The important
feature about the Monte Carlo method is its flexibility. In other
words, the computational procedures are the same irrespective of whether
the model is linear or nonlinear so long as the solution can be obtained
from the governing equation.

The main idea behind Monte Carlo simulation methods is to randomly
generate values of the random variables subject to the probability
density function and to calculate the output corresponding to these
values. From this set of output, the probabilistic distribution
properties, such as the mean and variance, are statistically estimated.

In the analysis of the two degrees of freedom probabilistic system,
a normal random generator is used. This normal random number generator,
RANF, is available on the Northwestern University cbc system. It has
been well tested and for large sample size, the distribution is close to
normal. This "closeness"” can also be estimated by the so called Ceantral
Limit Theorem, which states as follows: "if a population has a finite
variance 02 and mean value p, then the distribution of the sample mean
approaches the normal distribution with variance gz/n and mean p as the
sample size n increases.” The sample size used in this analysis is
400. Both the spring constants K. and K, are randomly generated and the

1 2

corresponding displacement solutions are calculated using the exact
153
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deterministic solutions.
A.2 Implicit Time Integration with Hermite Gauss Quadrature Scheme
Let us consider a linear two degrees of freedom probabilistic
system
+ = L] L ]
Mam* 24 " fanr (A.2.1)
where
ml 0 KI-H(Z -](2 0
L( = : 5 = : E =
(A.2,2)

n is the time step rumber and the initial conditions d , v and a_ are
~0’ ~o ~0

given. At each time step n, Eq. (A.l) is solved by the Newmark—3

algorithm with g8 = 0.25, vy = 0.5 and At = 0.02 Tﬁin where Tmi

smallest fundamental period. The finite difference matrix equation can

is the
n

be shown to be

eff - eff

U=
i

where
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geff =M+ gac” K (Ae2.4)
eff 2
F =gat" F .+ M §n+1 (A.2.5)
d =d +At vV + (-1-- 8) At2 a (A.2.6)
~n+l 2
and
xn+1 = xn + At (1 - 'Y) En (A-Zo?)
Once gn+1 is determined from Eq. (A.2.3), i.e.,
eff. "l _eff
sn+1 (5 ) F (A.2.8)
3n+1 and !n+1 can be determined as follows
- .. -3 )/gat (A.2.9)
Za+1 T Sae1 T Snse1)/B8 .2.
and
xn+1 = Xn+1 + yAt 3n+1 (A.2.10)

The solution procedures are then repeated with n replaced by n + 1

until nAt greater or equal to a desired time.

random variables, therefore, Sn+1

Since K1 and K2 are

by Eq. (A.8) is "implicitly” a
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function of K1 and KZ' Using the basic definitions of mean and
variance, the expected value of gn+1 is

4o 4w
E[snﬂ] =[] 4 KK £ (R £ (KR) AR dK, (A.2.11)

where fK (KI) and fK (KZ) are the probability density functions for
1 2
Kl and KZ respectively. In writing Eq. (A.2.11), the assumption that

K1 i8 uncorrelated to K2 has been employed. Once the expected value is

evaluated, the variance of d can then be computed according to

n+l

2 2
var(d,,)) = Eldp] - (B ldh4]) (A.2.12)

The Hermite Gauss Quadrature scheme is to approximate the double

integrals which appears in Eq. (A.2.11) by

nl n2 13 1 i
Ed gl - 121 le Wy Wy gy (K], K) fxl(“1) fKZ(KZ) (A.2.13)

where nl and n2 are the number of integration points for Kl and Kz

respectively, wi and w3 are their corresponding weights. As might be

figured from above equation, if the number of random variables is m, the

number of simulations N 1is

N’nl*nz* ecee *nm (A.2.14)

and N grows expouentially. Therefore, unless the number of random
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variables is small, this method is not recommended. However, if a
physical situation dictates that some of the random variables can be
excluded in the calculations, N can then be reduced significantly.
Under this circumstance, the Hermite Gauss Quadrature Scheme can be an
efficient and accurate method. An example of this practical situation
has been demonstrated in Chapter 2, Section 4. 1In the analysis of the
ten-bar structure, it was predetermined that only four of the ten bars
will yield and the yield stresses are chosen as normal random variables.

If 3 points are used in evaluating each normally distributed Ki in

Eq. (A.2.13), the weight and quadrature points are

w, = (1/6, 4/6, 1/6) (A.2.15a)
and

K, = (u=30,u,u+ 30 (A.2.15b)

respectively. And for this "bias"” integration procedure, the number of

simulations required (for each time step n) is
N=3%3%3%*%3a=3g] ' (A.2.16a)

Whereas, if one cannot observe apriori that six of the ten bars will not

yield, the number of simulations required becomes




N = 310 = 59049

which makes this a handicapped method.
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(A.2.16b)

1 e



APPENDIX B: RESONANT EXCITATION OF RESPONSE SENSITIVITIES

The equation of motion and the sensitivity equation for a single-

degree-of-freedom spring-mass-damper system are

Mx+CXx+Kx = F(t) (B.1)

uax-’-c

b ab Kab F(t) (B.2)

where
9F _3aM " _aC. 3K
HOR b " * "3 * "3 % (8.3)

M, C, K are assumed to be dependent on the parameter b; we are
interested in the sensitivity of the response x(t) to this parameter

b. Let F(t) be such that x(t) is stable. Under this condition it is

3x
3b

The damped natural frequencies of the system Eq. (B.l) and the

shown below that the response sensitivity is resonantly excited.

sensitivity Eq. (B.2) are the same. The excitation E(t) involves
X, x and ; in Eq. (B.2) and is, therefore, a resonant excitation. Thus

approximations for x(t), such as

2
x(by +ab, ) =x (b, ) + (3R ez EF (B.4)
b=b ab> b=b
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at bo for any small interval Ab, are valid only for a short duration
and the accuracy deteriorates rapidly thereafter.

Since the PFEM equations (2.7) in Chapter 2 use the first and
second-order response sensitivities, they are valid for a short duration
only. A similar phenomenon is also observed in the transient respoase
of nonlinear structures. A possible explanation for this phenomenon is
that the time 't' has a multiplying effect on the interval 'Ab' in the
second and third terms in Eq. (B.4) and this results in the
deteriorating accuracy. However, the PFEM equations developed in
Section 2 of Chapter 2 are suitable for application when one is
interested in a short-time history e.g., the response due to an

impulsive load.



APPENDIX C: NUMERICAL ALGORITHM FOR STRESS
AND DISPLACEMENT DERIVATIVES

For materials with random elastoplastic properties, such as yield
stress or plastic modulus, the finite-difference based derivatives (Eq.
(4.4.15b), Chapter 4) can be evaluated explicitly without recourse to
the solution of the equilibrium equation at each finite-differencing
point; the stiffness matrix, corresponding to the mean configuration of
the random properties, needs to be decomposed only once. This
configuration is represented by the vector < of size q. Subsequently,
the displacement derivatives can be calculated by forward reduction and
back substitution in Eq. (4.3.15a), Chapter 4. These computations are
done in conjunction with the radial return method proposed in Ref. [1]
and as implemented in Ref. [2]. |

For each element integration point, for every equilibrium iteration
'v! in a given load step 'm', the following quantities are stored:

: stress

center of the von Mises yield surface

F‘J 194 l-!J'

: radius of the yield surface

e}

T: tangent constitutive matrix

where the superposed "—' implies quantities evaluated at'g.

FLOWCHART

Part I Radial return for mean stresses and diplacements

Begin loop on load steps, m
Begin loop on iterations, v
161




a)
b)

c)

d)

e)

£)

g)
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Begin loop on elements
Begin loop on integration points
Pick up Ev, ;v’ Ev, E&

Compute the elastic trial stress increment AE” and update the stress

to obtain the elastic trial stress E::ialz 'Ez:ial = E? + AE“
Compute: Ez:ial = deviatoric part of z::ial - gv) (Cc.1)
Compute: ;'- 5fé - (E;)z (C.2)
where jé is the second invariant of stress and ¢ is the yield
function.

¥3c<o, v aH

Terial’ 5° to step h. (C.3)

1f ;'> 0, compute the plastic strain increment AdP:
adP = ¢ 3, - k¥)/(3¢ + B) | (C.4)
where G and B are the shear modulus and plastic modulus,

respectively. 'B' is further defined as:
EET

* EE

B (C.5)

where E and Ep are the elastic and tangent moduli, respectively.

compute:

As = 3G AE"‘/;?Z (C.6)
da = (1 - 8)B ad"/V3J, (C.7)
Correct stresses by radial return:

2T e T (c.9
=+ gB ad’ (C.10)



h)
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and assemble the tangent

Compute the tangent constitutive matrix CT

stiffness matrix

.
L
L]

End loop on integration points

End loop on elements

End loop on iterations until equilibrium is satisfied. The

stresses, strains and displacements, £m+1’ 5m+1 and 2m+1 are

obtained from the final iteration.

Part II Displacement derivatives

The following quantities are also stored for each element

integration point, in a given load step m, for each 'i' representing a

random variable ey

+ -1
1

, T_ : stresses, near the mean ¢
~m ~m ~
+1i

-1 -
» Qo ¢ yield surface centers near the mean c

+ - -

kmi, kmi: yield surface radii, near the mean Ce

+1 -1 -
ET ’ ST ¢ tangent constitutive matrices, near the mean C,

where




and

X

Beg

- i
= S + (0, seny Ac g eo ey O)T

- i T
1 = S - (0, ceey AC', seey 0)
L .get , 0.01 < <0.05
in loop on 'i' for each random variable

Begin loop on elements

Begin loop on integration points

1)

ii)
111)

iv)

v)

Compute the strain increment AE; as

= -— -
Asm £ +1 sm

+1 +1 +1 +1
Pick up ’Em ’ gm > km ’ (ET )m

Compute the elastic trial stress (T;il)trial

Repeat steps (c) through (h) to finally obtain

H o+ H +
Tkl Sor1? Knr1? (1 lmel

-1 -1
in * Zm

-i -i -i ~-i
also obtain Io+l® Sa+l? 5m+1’ (ET )m+l

Pick up
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(C.11)

(C.12)

(C.13)

(C.14)

. k;i, (C.r);i and repeat steps (iii) and (iv) to



vi)

and

vii)

viii)
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Compute and store the first order finite-difference derivatives:

.z +Ho_ -

£m+l - £m+1 £m+1 (C.15)

ac1 2Aci

5. ct -t

a:T * ~TZA = (C.16)
1 ¢y

A
Compute and assemble the forcing term £i in Eq. (4.3.15b),
Chapter 4; note that
, 9T

~m+1
* = aci (C.l7)

in the equation.

End loop on integration points

End loop on elements

Solve Eq. (4.3.15a), Chapter 4 to obtain the displacement

3d i1
3¢,

derivatives and store.

Part III Stress derivatives

ix)

Begin loop on elements

Begin loop on integration points

Compute stress derivatives as:

T ad
- Totl | == Ofml
[£m+1]ci 3¢ + Cpb (aci ) (C.18)



End loop on integration points

End loop on elements

End loop on random variables

End loop on load steps
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